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INVOLUNTARY EYE MOVEMENTS DURING FIXATION 


By R. W. DITCHBURN anp B. L. GINSBORG* 
From the Physics Department, Reading University 


; (Received 8 February 1952) 


Eye movements form one of the basic physical data which must be considered 
in a theory of the process by which visual information is transmitted to the 
brain. The behaviour of the eyes during fixation, i.e. when the subject is 
attempting to maintain his gaze on a stationary point, has a special interest 
both as an example of the dynamic equilibrium of a physiological system and 
in relation to theories of the retinal basis of vision. Some of the evidence in 
favour of the Polychromatic Theory (Hartridge, 1947), for example, involves 
the assumption that the visual image during fixation on a small target is 
. effectively stationary on the retina. On the other hand, certain ‘dynamic’ 
theories of vision (Marshall & Talbot, 1942; Jones & Higgins, 1947) postulate 
a continuous scanning of the visual image by the retina. 

The results of the three most recent investigations give the following results: 

Ratliff & Riggs (1950) find (1) an irregular movement of high frequency 
(30-70 c/s) and small extent (median value about 20” arc); (2) rapid flicks each 
of a few minutes of arc lasting about 0-02 sec and occurring at irregular intervals 
of the order of 1 sec; (3) slow irregular movements. Similar types of move- 
ment had previously been found by Adler & Fliegelman (1934). 

Lord & Wright (1948) and Lord(1951) find movements of type (2). They do 
not report movements of types (1) and (3). . 

Hartridge & Thomson (1948) do not find any of the above types of move- 
ment and believe the eye is effectively stationary during short periods of 
fixation. Further details are given in Table 1 (p. 13). Apart from the differences 
between these results, which refer to the behaviour of the eyeball as a whole, 
the problem of deducing the movement of the image relative to the retina 
during fixation is further complicated if movements of the eye are accompanied 
by movements of the crystalline lens within the eyeball. Such movements, 
which have been suggested by Park & Park (1940), would shift the position 
of the visual axis relative to the eyeball. If there are variations of this type, 
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little information on the movement of the image across the retina can be 
obtained from a knowledge of movements of the eyeball as a whole. The 
literature has been reviewed in detail by Hartridge (1950) and Lord & Wright 
(1950). 

The present paper describes an investigation mainly on one subject (B. L. G.) 
using a contact lens technique. The more important conclusions were confirmed 
by observations on a second subject (D.M.M.) who was available for a short 


time. 

METHODS 
Theoretical considerations 
Only two methods have sufficient sensitivity to permit the observation of the small eye move- 
‘ ments occurring during fixation. They are (a) the corneal-reflexion method in which the deviation 
of a beam of light reflected directly from the eye is recorded, and (b) the plane-mirror method in 
which the beam is reflected from a plane mirror attached to the eye. Method (a) has the advantage 
that no foreign body is attached to the eye and, partly for this reason, it is possible to make 
observations on a considerable number of subjects. It has the disadvantage that the movement 
of the recording spot depends both on the rotations of the eye and on translations of the eye 
together with the head. These movements must be separated to deduce the displacement of the 
image relative to the retina, and it is difficult to make this separation with sufficienf accuracy. 
It is shown below that method (5) does not suffer from this difficulty and has effectively a higher 
sensitivity. On the other hand, the special contact lenses used in the present investigation by 
method (b) are expensive and difficult to make so that the method cannot readily be used for 
a wide range of subjects. The methods (a) and (5) are thus, to some extent, complementary. 


The effect of eye movements on the steadiness of the retinal image 

Any small movement of the eye with respect to a stationary fixation-point target may be 
resolved into a rotation of the visual axis about the nodal point and a displacement of the latter. 
The corresponding movement of the retinal image may be calculated as follows, assuming that 
the visual axis is invariant relative to the eyeball. (The validity of this assumption will be dis- 
cussed in a later sestion.) In Fig. 1, O represents a fixation point distant p from the second nodal 
point N, of the eye, its image on the retina being formed at J,. If the visual axis is rotated through 
the angle @ to N’O’ and the nodal point is displaced by the distance d (perpendicular to the 
direction of fixation) to N’, the image of O will be formed at Jj and the point J, of the retina 
moves to I,; NI,=N’I;=N’I,=n, the posterior nodal distance of the eye. The displacement of 
the retina relative to the image is given by /}/, and, provided the movements are small, 

I, 1,=1; P + PI, (approximately), 

where N’P is drawn parallel to the original direction of the visual axis and is equal to n. It 
follows that, for small movements, 


Iil, +‘) (approximately). 


In practice two types of movement will contribute to @ and d: (a) rotations of the eye in its 
orbit, and (6) movements of the eye together with its orbit caused by movements of the head. 
There is some evidence that, for small movements, the centre of rotation is approximately fixed 
(Park & Park, 1933), but we do not assume that this is so. 

A rotation of the eye of #, produces an equal rotation of the visual axis and a displacement of 
the nodal point of d, =r@, where r, which may be variable, is the distance between the nodal point 
and the centre of rotation of the eye. A head movement may be both rotational and translational 
and produces similar contributions 6, and d,. The image displacement is therefore 


6,(1 +05 +2]. (1) 


a 
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The plane-mirror method. Since r is less than 4 mm, the target distance, p, may be chosen to be 
sufficiently great to reduce r/p to a negligibly small fraction and, in this case, 


+9) (approximately), (2) 


where @ is the total angular movement of the visual axis. Again, with the use of a dental impression 
mouthpiece the movements of the head may be kept sufficiently small for d,/p to be neglected 
without much loss of accuracy (e.g. with a target distance of 450cm d,=1mm gives d,/p =45" arc). 
In this case the displacement of the image relative to the retina may be taken as directly pro- 
portional to 9, the total angular movement of the eye due both to movements of the eye in its 
orbit and movements of the orbit and eye as a whole. The plane-mirror method gives records 
from which the values of @ may be immediately deduced. 


First position 
of visual axis 
A 


Ke hh, 

Fig. 1. Displacement of image relative to the retina due to (a) roatation of the eye through 
angle @, and (6) lateral displacement of the nodal point from N to N’. 


The corneal-reflexion method. In the corneal-reflexion method, on the other hand, the deviation 
of the reflected beam of light depends not on the total angular movement of the eye but on the 
displacement of the centre of curvature of the cornea. It may be shown that provided the move- 
ments are small, the deviation of the beam reflected by the cornea is given by 


(4-1) ¢,+2] (epproximately), (3) 


where ¢ is the required deviation, A and a are the radius of rotation of the eye and radius of 
curvature of the cornea respectively, and 6, and d, are as previously defined. Inserting the 
appropriate values (A =13-3 mm, a=8-0 mm) 


$=1-3 0, +860d,, (4) 
where ¢ and @ are measured in minutes arc and d, is measured in mm. 


Visual axis 
(displaced) 0 
0’ 
6 
N’ N 
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From (4) we see that a small error in estimating head movement involves a large error in the 
rotational movement deduced from corneal-reflexion records (e.g. 0-01 mm error in d, corresponds 
to 8’ of arc). 

Details of the method | 

Flats of 3 mm diameter were optically worked on the temporal edge of the corneal portion of 
contact lenses at 35° to the visual axis (Fig. 2a). The lenses had been moulded and worked to fit 
the eyes of the subjects and correct their refractive errors (B. L.G. left eye, 25D; right eye, 1:5D: 
D.M.M. zero correction). A strongly reflecting opaque film of rhodium or aluminium was 
deposited on the flats, by vacuum evaporation, as already described (Ginsborg & Heavens, 1951). 
The edge of the flat was smooth and the flat was so small that it caused the subject no discomfort 
at all. 


Visual axis 


\ 


View of slits in 
direction of arrow | 
Fig. 2. Optical system. S, high-pressure mercury are; F, heat filter ON.19 glass; L,, rough 
condenser focusing arc on pinhole A ; L,, collimator illuminating slits 8, and S,; L,, projector 
lens focusing image of A on eye or head mirror M, and images of S, and S, on L,; B, right 
angle prism, base 45° to horizontal, to rotate S, through 90°; L,, cylindrical lens of camera; 
C, slit aperture of camera; P, photographic paper. : 


The subject wearing the contact lenses was seated in a medical examination chair which pro- 
vided support for his back and head. He bit on a metal dental impression mouthpiece made in 
two parts. The upper section fitted the upper front teeth and carried a mirror for the recording of 
head movements. The lower section was fixed to a pillar secured to the table supporting the optical 
system, and locked both the lower teeth and the upper section of the impression. The metal 
mouthpiece has certain advantages over the usual wax type: it fixes the head more rigidly, it does 
not wear and it allows reproducible positioning of the head. The effect of head movements have 
‘been investigated with B.L.G. For the second subject, D.M.M., a conventional wax dental 
impression was used and head movements were not ‘recorded. The fixation target was 450 cm 
from the subject at eye level and on the medial axis between the eyes. 


Lc P 
Section on ‘X-X' 
F L, A lL, L; by 
| 
GA 
<— 
2 (a) 
| | Contact lens 
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Two identical optical systems (Fig. 2) allowed simultaneous recording of movements of either 
one eye and the head or of the two eyes. For the recording of the side to side component the 
image of an illuminated slit vertical S,, was projected from the eye or head mirror, M, on to 
a camera consisting of a cylindrical lens, L, with its axis horizontal, and a horizontal slit aperture, C, 
behind which recording paper, P, moved continuously in a vertical direction. The up and down 
component was recorded by replacing the vertical slit with a horizontal one S,, and rotating the 
beam reflected from the mirror through a right angle. This was done by inserting a right angle 
prism with its base at 45° to the horizontal in the path of the beam between M and the camera. 
The vertical component of the rotation of M thus again caused sideways deflexion of the recording 
beam across the photographic paper. The slit assembly shown in Fig. 2 allowed simultaneous 
recording of the horizontal component by means of S, and the vertical component by means of S,. 

The lenses L, and L, focus the pinhole A on the mirror M and L, also focuses the slits S, and 9, 
on L,. This arrangement, together with suitable light shields, prevents stray light from reaching 
the subject’s eyes. It also give high illumination at the camera and enables rapid movements to 
be detected. 

Paper speeds of up to 16 cm/sec were used and time calibration was obtained by running one 
of the recording sources on a.c. so that the corresponding trace was interrupted at intervals of 
0-01 sec. Records were taken for periods of between 5 and 15 sec. 

The horizontal and vertical components of @ were deduced from the photographic traces by the 


relations 

2R6,=D,, 

2R6,, cos « cos B= D,, 
where D,, D, are the deviations of the traces corresponding to the components 6, , 0, respectively, 
R is the distance between the paper, P, and M (R=1-75 m). « is the angle between the normal 
axis. 

from the records. Rotations of the eye of 1’ arc cause about 1 mm deviation of the trace. The best 
records can be measured to 0-2 mm, but blurring of the record due to the deposition of grease and 
moisture from the eyelids on to the mirror leads usually to a somewhat smaller sensitivity. The 
smallest rotation which can be detected, under the best conditions, is 10” of arc. 

The apparatus was tested by attaching a fixed mirror to the pillar supporting the head, the 
subject biting on the dental impression in the normal way; the movements g{the mirror were 
then recorded. The mirror was in fact found to be stationary showing that the optical system and 
camera were mechanically stable and free from any sort of vibration. A record is shown in Fig. 36. 


RESULTS 


Fiaxed head 

Head movements 
The maximum rotational head movements (Figs. 3c, 4b) (subject B. L.G.) 
are 3’ arc and are due to the pulse. Assuming a value of 12 cm for the distance 
between the nodal point of the eye and the centre of rotation of the head, the 
lateral displacement of the former (d,) due to head movements is less than 
0-1 mm. This causes a retinal displacement relative to the image equivalent to 
a change of 5” of arc in 6. The effect of head movements may therefore be 
neglected in estimating retinal movements from the records of eye rotations. 
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Binocular fixation 

The general features of the eye movement records for both subjects are 
similar to those found by Ratliff & Riggs (1950) and fall into the three classes: 
(i) a high frequency movement or ‘tremor’, (ii) a series of rapid flicks, (iii) slow 
drifting movements between the flicks. No differences have been found 
between records obtained with the following fixation targets: (a) (D.M.M. and 
B.L.G.) a bright spot (about 1/50 c.p.) viewed in the dark, subtending 2’ arc at 
the eye; (b) (B.L.G. only) one such spot forming part of a pattern of similar 
spots, the whole pattern covering 3°; and (c) the centre of a black cross (arms 
subtending 40’ arc at the eye) on a 10° white background illuminated at 10 f.c. 
The tremor is indicated by the serrations of the edges of traces obtained using 
a d.c. source of light (Figs. 3a, 4a). The serrations are absent from traces 
obtained from the fixed mirror (Fig. 36) and are not instrumental in 


(>) 


Fig. 3. All records in this and subsequent figures are for subject B.L.G. Records are to be read 
from left to right (time increasing). Deflexions towards bottom of the page correspond to 
movements of eye towards the left (horizontal) or upwards (vertical component). (a) Hori- 
zontal component for left eye, d.c. source. Note the tremor. (b) Fixed mirror (control). 
(c) Horizontal movements of head. Note pulse movements. Time intervals 0-1 sec. 
Arrow = 10’ of arc. 


origin. In most of the reproductions, the traces do not show the tremor 
clearly, but this movement is always found in records taken under the best 
recording conditions. The movements have both horizontal and vertical 
components, but it has not been found possible to determine if there is any 
preferred direction or if the movements are synchronous in the two eyes. The 
frequency and magnitude of the components are highly irregular, varying 
from section to section of any record between about 10 and 30” arc (peak to 
trough) and 30 and 80 c/s. The maximum angular velocity involved is about 
0-3°/sec and the maximum acceleration is 20°/sec?. The movements are not 
superimposed on the rapid flicks. 

Kach flick occurs in two parts: a primary one of magnitude 1-20’ arc 
occupying 0-01—0-015 sec, and a secondary one in approximately the opposite 
direction and occupying a similar time but of smaller magnitude, 30’—4’ arc. 
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The flicks may occur in any direction as may be seen from the simultaneous 
vertical and horizontal components (Fig. 4a), but for both subjects flicks to 
the left are more common than those to the right. For B.L.G. flicks upwards 
and to the left are rare and for D.M.M. flicks upwards and to the right are 


ly 


Fig. 4. (a) Left eye; horizontal and vertical components (simultaneous records). (b) Head and 
left eye, horizontal movements (simultaneous records). (c) Right and left eyes, horizontal 
components (simultaneous records). Note convergence movement. (d) Right and left eyes, 
vertical components (simultaneous records). Time intervals 0-2 sec. Arrow =20’ are. 


rare. The magnitudes of the components are usually within 10’ arc. The mean 
_ values are 6-1’ for B.L.G. (600 flicks) and 5-8’ for D.M.M. (60 flicks). The | 
magnitude of the resultant usually falls within 5-15’ arc, the corresponding 
velocity being of the order of 10°/sec, with a maximum acceleration of at least 


(a) 
L, 
(b) 
H 
L, 
(c) 
Ry 
(d) 
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1000°/sec*. The interflick period is highly variable with a range for both 
subjects of 0-03-5-0 sec. The mean value of the interflick periods are 0-71 sec 
(B.L.G., 600 flicks) and 1-11 sec (D.M.M., 60 flicks). 

As has been found by Lord (1951) the flicks are simultaneous for the two 
eyes. The magnitudes and direction are equal for D. M. M. but slightly different 
for B.L.G.: the vertical component records (Fig. 4d) do not indicate any 
systematic relation, but the horizontal component records (Fig. 4c) indicate 
that this component of the temporal flick for the one eye is always greater than 
that of the corresponding nasal flick for the other eye. The use of a second 
pair of contact lenses made from independent mouldings of the eyes indicates 
that this is not an artifact due to the properties of a particular pair of lenses. 
Moreover, both subjects are essentially free from muscular imbalance. 

The ‘interflick’ drifts are of two kinds: the simultaneous vertical components 
are conjugate, both eyes moving upwards or downwards together. On occasion, 
the sense of the drift varieg during its course giving a ‘wave-like’ appearance 
to the trace but the traces remain approximately parallel showing that both 
eyes continue to move in the same sense. The horizontal components show, in 
addition to conjugate movements, convergent and divergent movements which 
are approximately symmetrical for the two eyes as is indicated by the changing 
separation of the binocular traces (Fig. 4c). The ‘wave-like’ traces in the 
horizontal component records are due to cycles such as convergence— 
divergence—convergence which rarely exceed 5’ arc in magnitude and occupy 
0-5-1-5 sec. On occasions this type of drift is succeeded by simultaneous flicks 
of the two eyes in opposite senses, i.e. both flicks inwards or outwards. The 
magnitude of the maximum drift in any record rarely exceeds 6’ arc, the 
maximum velocity berg 20’ arc/sec. The range of movement for each eye 
during 10 sec is usually between 10-15’ arc. Where the deviation is greater 
than this, the eye occupies the extreme position outside this value for only 
‘short periods of time (0-2 sec or less). The angular separation between the 
directions of fixation for the two eyes also varies, but the extreme variation 
for any record is usually within 15’ arc. 


Monocular fixation 

In some experiments (on subject B.L.G.) the whole of the corneal portion 
of one of the contact lenses was covered with an opaque film of rhodium and 
the movements of both eyes were recorded. The records show no significant 


difference from those obtained during binocular fixation. It did not make any 
difference which eye was covered. 


Movements of the eyes in the dark 


_ Six records of horizontal components of movements of the two eyes have 
been obtained with the subject (B. L.G. only) attempting to keep the direction 
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of his gaze as steady as possible in darkness. It was not found possible to 
achieve this by using two completely opaque contact lenses owing to the 
difficulty of making the initial alinement of the recording system, but stray 
light was sufficiently excluded from the subject’s field of view to prevent his 
perceiving any object in it. The experimental procedure was as follows. 
A bright spot-fixation target was provided to allow the alinement of the 
recording system with the subject fixation. Immediately this was achieved 
the target was extinguished and recording begun. The eyes were sufficiently 
steady to allow records of the order of 5 sec duration to be taken. Although 
the records display the three characteristics of normal fixation, tremor, flicks 
and drifts, they differ from normal records in the magnitudes of the move- 
ments other than the first. The mean value of twenty-three flicks occurring in 
30 sec is 17’ arc, fourteen of them being greater than 15’ arc, with a range 
2-45’ arc. The intervals between the flicks have a range similar to that of 
normal fixation, 0-1-3-2 sec. The corresponding drifts vary from 1 to 31’ arc, 
eight drifts being greater than 15’, with a mean value of 11’. The flicks occur 
simultaneously in the two eyes with the same relation as found previously for 
B.L.G., i.e. temporal component greater than nasal, but the drifts are highly 
asymmetric giving variations of the separation of the visual axis of 35-75’ arc. 
The total deviations of the eyes occurring during the 5 sec fixation periods 
were 40-75’ arc. 


Eye movements during observation of larger fields of view 

The work done on eye movements associated with specific visual tasks, has 
been confined in the main to investigations of reading (see Carmichael & 
Dearborn, 1948, for review). In general, the sensitivity of the records obtained 
is sufficient only to indicate the occurrence of saccadic movements interspersed 
with fixation pauses, but the behaviour of the eye during the pauses has not 
been fully described. It is of interest, therefore, to compare the involuntary 
eye movements in artificial fixations, i.e. where the subject is provided with 
a fixation point target, with those occurring naturally. For this purpose, 
experiments were carried out with the fixation point replaced by black and 
white drawings illuminated by 20 f.c. subtending a visual angle of approxi- 
mately 2° of arc. The horizontal components of the movements were recorded, 
and sections of the records are shown in Fig. 5. The movements are of a saccadic 
nature and the fixation pauses vary considerably in length, some of them 
(Fig. 5a) being similar to those obtained with the artificial fixations, whilst 
others occur between flicks in rapid succession which carry the eye through 
comparatively large angles (Fig. 5b). The general features of the fixation eye 
movements, including the co-ordination of the two eyes, are again present. 
The movements are smaller than would be required for the direction of 
fixation to. correspond to the edges of the picture. The total deviation for 


‘ 
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B.L.G. is about 1°, half the angular dismeter of the picture, and for D. M.M. 
only 25’ arc 

- Park & Park (1940) have investigated the involuntary movements of the 
eye during fixation over longer times by a method equivalent to an observation 
of the position of the eyeball. The method did not allow continuous measure- 
ments but gave a series of instantaneous values for the angle between the 
visual and corneal axes of the subject#at successive times of observation, to 
an accuracy of 15’ arc. It was found that the angle between the two axes 


(a) 


Ry 


“* 
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Fig. 5. Subject viewing pattern. Visual angle 2°. (a) Right and left eyes, horizontal components 
(simultaneous records). Movements similar to fixation movements. (b) Right and left eyes, 
horizontal components (simultaneous records). Saccadic sna. Time intervals 0-2 sec. 
Arrow = 20’ arc. 


varied with time: in some cases this variation was continuous and in this case 
the angle remained constant for several minutes and then changed abruptly 
by several degrees of arc. The results were interpreted as due to movements of 
the crystalline lens co-ordinated with those of the eyeball as a whole in such 
a manner that the image of the fixation target remained on the fovea. This 
interpretation was supported by the effect of instilling eserine into the eye, 
which causes a spasm of accommodation. No variation in the direction of the 
visual axis was then found. — 

The results of recording methods do not support the work of Park & Park 
in that large abrupt changes in the direction of the visual axis have not been 
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found by any investigator. It may, however, be argued that conventional 
recording periods (usually less than 1 min duration) would fail to reveal these 
variations and for this reason, the following experiments were made (B. L. G. 
only). A series of ten records were taken (bright spot target) at 5 min intervals, 
each lasting about 5 sec. In the periods between fixation, the subject removed 
his head from the dental impression mouthpiece and relaxed. No alterations 
whatsoever were made to the recording system during these periods. If the 
visual axis varies with time the traces of successive fixations would be dis- 
placed with respect to one another on the recording paper. This was not the 
case and the total deviation of the eye in the cumulative period of fixation was 
within 20° arc. 

The effect of eserine on the eye movements was also investigated. Three 
drops of 0-25 °%, eserine were instilled into each eye and records were taken at 
15 min intervals for 1 hr. On a subsequent occasion recording was begun 1 hr 
after the instillation and the procedure repeated, the contact lenses being 
inserted shortly before recording to avoid possible veiling caused by prolonged 
wearing of the lenses. In both cases‘no significant variations were found in the 
records as compared with those of normal fixation. 

Evidence has also been obtained to support the view that the direction of 
the visual axis relative to the eyeball does not vary with changes in the position 
of the eyeball from an investigation of voluntary flicking between fixation 
targets of known separations of 20’ — 4° of arc. The angle between the directions 
of fixation for the two points always agreed very closely with the angle sub- 
tended at the subject’s eye by the points, i.e. no change of visual axis relative 
_ to the eyeball occurs during these rapid voluntary movements. 


Records with free head 

Little work appears to have been done on the involuntary movements of 
the eye during fixation when the head is free or moving. It is, however, not 
entirely satisfactory to extrapolate from the results of fixed head investigations 
to the behaviour of the eye in normal conditions where the head is free. The, 
corneal reflexion method, as may be seen from the analysis previously given 
(eqn. 3) demands precise fixing of the head and is therefore not suitable for 
such an investigation. The present method, on the other hand, allows the 
recording of rotational eye movements without ambiguity although trans- 
lational head movements must be restricted to within the diameter of the 
contact lens flat (3 mm) with the optical system used, or no records will be 
obtained. In order to investigate the effect of head movements, records were 
made of the simultaneous horizontal components of movements of the head 
and one eye (B.L.G. only) during fixation in three conditions: (1) the subject 
attempting to keep his head as still as possible (Fig. 6a); (2) during slow 
rotations of the head from side to side through angles of about 1° (Fig. 66); 
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(3) during jerky movements of the head of similar magnitude (Fig. 6c). The 
subject’s head was supported by a chin rest only, but he wore the upper 


section of the dental impression since this carried the head mirror. The three — 


standard features of the eye movement records (tremor, flicks and drifts), were 
found in all three cases. The special feature of the eye movement records with 


(b) 


Fig. 6. Records with head ‘free’. (a) Head and left eye, horizontal components (simultaneous 
records). Subject attempts to keep head as still as possible. (6) Head and left eye, horizontal 
components (simultaneous records). Head rotated slowly. Eye nearly compensates. 
(c) Head and left eye, horizontal components (simultaneous records). Head rotated sharply. 
Eye fails to compensate. Time intervals 0-2 sec. Arrow = 20’ arc. 


the head free is the appearance of undulations in the drifts synchronous with 
those of the head. These indicate that the eye is rotating to some extent 
together with its orbit. The magnitudes of the undulations in the eye move- 
ment records are however smaller than those of the head, showing that the 
involuntary head movements are partly compensated. The slow voluntary 
movements of the head are almost completely compensated by rotations of the 
eye in its orbit in a sense opposite to the rotation of the head as is shown by 
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the steadiness of the eye movement trace (Fig. 65), but this is not the case for 
the jerky movements. The total deviation of the eye in records of type (1) and 
(2) is of the same order as is found when the head is fixed. The error in deducing 
the retinal image shift from the eye movement traces when the head is free is 
less than 3’ arc as may be seen from eqn. (2). 


DISCUSSION 


Comparison of results obtained by different methods 
The methods summarized in Table 1 fall into two groups: (a) those depending 
on corneal reflexion (2 and 3), and (b) those which employ a contact lens with 
a plane mirror (1, 4 and 5). The flicks are found in methods 1 and 3-5 and there 


| 
Movements found 
Investigation High frequency Flicks ‘Interflick’ Method 
(1) Adler & Mean value: 1’ arc Mean values: “Waves”, 2’ arc at Horizontal component 
Fliegelman at 50-100 c/s* Excursion, 8’ arc; § 5 0/s; drifts of deflexion of mirror 
(1934) frequency 1/sec placed on eye; 
monocular 
1 subject 
‘Thomson (1948), 
(3) Lord & — Excursion 2-25’ arc — - Photo-electric recording 
t (1948) of duration 0-02— of corneal reflexion 
(1951) 0-03 sec; mean using U.v. light; 
interval between horizontal and vertical 
flicks for different components ; 6 subjects 


Ratliff Median values: 17:7” Excursion, 2-2-25-8’ ‘Waves’, 1-5’ sre. Horizontal and vertical 
(1950) 


(5) Ditchburn & 10-30" arc at 1-20’ arc of 0-025 Convergence and Horizontal and vertical 
Ginsborg (this 30-80 c/s sec duration; divergence ‘waves’ component of 
paper) interval between 1-5’ arc; drifts up deflexions of contact 
flicks 0-03—5-0 sec to 6’ arc lens flat; 2 subjects 


Value for magnitude 


subjects, 0-86—12 sec 


are at 30-70 c/s; arc of 0-02 sec dura- at 2-5 c/s; drifts components of 
of excursions _ tion; interval up to 5’ are defiexion of mirror 

0-2’ arc; >1’ are between flicks 0-2- attached to contact 
rare 4-0 sec lens; monocular fixa- 
tion; 5 subjects 


reported in original paper 2’ 14” arc. This appears to have been incorrectly calculated 
or magitde reported in origin pap Riggs (1950) from the data given. 


are no systematic differences between the magnitude, duration and interval 
found by different methods. This supports the conclusion that the contact lens 
follows the movements of the eyes without slip. Further evidence on this point 
_ is given by the binocular records (see p. 6 above) in which the flicks for the | 
' two eyes are always simultaneous within 0-005 sec. An investigation of the 
voluntary movements of the eye up to 4° in magnitude shows that, even when 
the eye is moved as sharply as possible, the contact lens follows the eye to 
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within the precision of fixation. There is thus very strong evidence that the 
contact lens follows the eye to within a few minutes of arc. It is more difficult 
to show that the lens follows within 20” (the amplitude of the high frequency 
tremor). It is, however, very difficult to imagine any system of forces which 
would keep the contact lens in oscillation (relative to the cornea) with a period 
of 80 c/s. The movement does not exhibit any of the characteristics of a ‘stick- 
slip’ contact. The contact lens increases the effective moment of inertia of the 
eye by about 30% and, if the muscular effort is the same, there should be 
a corresponding effect on angular accelerations and velocities. It is not possible 
to detect,this effect from existing data but it might be observed by a suitably 
designed experiment. The drift movements and the high frequency move- 
ments are found in all methods of group (a) and none of group (b). In method 3, 
head movements of a few hundredths of a millimetre would mask the drift 
movements. Also the sensitivity of this method is about 1’ of arc so that it 
would not be expected to reveal the small high frequency movements. We 
conclude that the existence of the three movements are well established by 
methods of group (b). Method 3 supports the existence of the flicks and offers 
no evidence against the other types of movement. 


Random and non-random movements 


(1) The tremor appears to be completely irregular. 

(2) The flicks are occasionally associated with the changes in convergence 
discussed below, but most of them are in the same direction and nearly equal 
in magnitude for the two eyes. They are systematic in the following sense. — 
_ Suppose that five parallel lines A, B, C, D, HE are drawn on one of the records. 
A and E pass through the extreme positions of the record and C through the 
mean position. CB and CD are one-third of AC and CE respectively. Then, 
when the record is between B and D, flicks in either direction are about equally 
probable. When the record is in either of the two outer sections the flicks are 
nearly always directed towards C. They often overshoot the mean position. 
Occasionally there are large flicks (>10’ of arc) which carry the eye outside 
the normal range of deviation. Such flicks are sometimes followed, after an 
interval which is abnormally short (but never less than 0-03 sec), by a flick in 
the opposite direction. 

(3) The horizontal components of the interflick drifts can be analysed into 
(a) part which is the same for the two eyes (conjugate movements), and (b) con- 
' vergence/divergence waves. The changes in vergence are almost certainly 
associated with the accommodation changes found by Arnulf, Dupuy & 
Flamant (1951). The fact that these movements are unaffected when one eye 
is masked (see p. 8 above) shows that they are not co-ordinated by means of 
information derived from comparison of the two retinal images. On the other 
hand, the whole pattern of eye movements has a different scale when both 
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eyes are in darkness (see p. 8) so these movements are influenced, to some 
extent, by visual information. It is possible that these movements play some 
part in the perception of depth. 

The vertical components of the drifts for the two eyes are conjugated. This 
motion and also the conjugated part of the horizontal components are random 
in the sense that a movement is equally likely to be towards or away from the 
mean direction of the visual axis. 

The effect of all movements taken together is to keep the image of the 
fixation point within a retinal region of about 100 diameter. This region may 
correspond with the ‘central territory’ (Polyak, 1941) which contains an 
exceptionally high density of small cones and is believed to be specially suitable 
for fine discrimination. Any position within this area is almost equally 
acceptable. The image of the fixation point has a small movement (due to the 
drifts and the tremor) round a sub-region of 20 diameter (or less) for times 
up to 48sec and then makes a sharp movement in 0-025 sec to another sub- 
region. The centre of the central territory is not specially favoured, but if the 
image of the fixation point moves very near to the edge of the central region 
there is sometimes a sharp ‘return’ movement. These return movements are 
responses to visual information, since a steady gaze is not maintained when 
both eyes are in darkness. Their short period (down to 0-03 sec) is less than the 
latent period for normal eye response to stimulus. 


Relation to visual theories 

The high frequency movements are probably due to the incompletely fused 
tetanic contractions of the extra-ocular muscles. The corresponding move- 
ments of the image relative to the retina are of the order of the diameter of 
a foveal cone, Certain dynamical theories of visual perception (Marshall & 
Talbot, 1942; Jones & Higgins, 1947) postulate a high frequency scanning 
movement of this type (although of considerably larger magnitude) and this 
kind of theory is therefore compatible with, but not directly supported by, the 
existence of the tremor found in the present work. The general nature of the 
movements found do not support the Polychromatic Theory of vision, but 
these results are not strongly against this theory because the fixation target 
was large compared with the microstimulation source used by Hartridge & 
Thomson (1948). 

It should be possible to examine the relation of eye movements to visual 
perception by viewing an image reflected from the mirror on the contact lens. 
A suitable optical system should produce an image on the retina which does 
not move when the eye moves. If the thresholds of visual perception for the 
stabilized image are different from those for normal vision then the differences 
should enable us to understand the significance of eye movements in relation 
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to visual perception. Experiments of this type are in progress, and preliminary 
results have been reported (Ditchburn & Ginsborg, 1952). 


SUMMARY 


1. The involuntary movements of the eyes during fixation have been 
recorded photographically for two subjects. Flat reflecting surfaces worked in 
contact lenses moulded to fit the eyes of the subjects were used as optical 
levers. 

2. It is shown that the method has a higher intrinsic sensitivity than those 
depending on corneal reflexion. Moreover, the movements of the image of 
a fixation target relative to the retina can be deduced from the records, with 
high accuracy. 

3. There is no evidence to suggest that either the contact lens or the visual 
axis move independently of the eyeball. 

4. Three types of rotation movements persist during fixation: (a) a tremor 
of 10-30" arc, 30-80 c/s; (b) flicks 1-20’ arc, occupying 0-025 sec ) at intervals 
of 0-03--5-0 sec; (c) drifts up to 6’ in an interflick period. 

5. In both monocular and binocular fixation the involuntary movements 
of the eyes are co-ordinated. Part of the drifts is due to convergence and 
divergence of the eyes. . 

6. The magnitudes of the flicks and drifts increase by a factor of about 
four, when the subject attempts to maintain a steady gaze in darkness. 

7. The movements of the eyes when larger fields are being observed are , 
made up of a series of fixations of varying duration interrupted by aneey 
flicks. 

8. The degree of compensation of head movements by rotations of the eye 
is dependent on the speed of the head movement. 

9. The total movement of the image of a small fixation target pelehies: to 
the retina is confined to an area of 100 diameter. It is suggested that the 
flicks are responsible for this degree of control. 


We are grateful to Prof. Oldfield (Psychology Department, Reading) and Prof. Whitteridge 
(Physiology Department, Edinburgh) with whom this work has been discussed, and to Dr D. M. 
Maurice who co-operated in some of the experiments. We also wish to thank I.C.I. Optical 
Plastics Division for working the accurate flats on the contact lenses. One of us (B.L.G.) was 
assisted by a maintenance grant from D.S.I.R. 


Note added in proof. A paper by Barlow (1952) has appeared since the preparation of this paper. 
_ Our results are substantially in agreement with his, in so far as they cover the same ground. 
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Vasodilatation takes place in the hand when the legs are heated in warm water 
(Lewis & Pickering, 1931). It has been shown that the main component of this 
response depends on warming the blood returning from the heated area 
(Pickering, 1932). When heating is carried out in this way, there is often an 
initial vasoconstriction in the hand, the dilatation occurring only after a delay 
of several minutes. The response is abolished if the return of blood from the 
heated area is prevented. Vasodilatation of this type has been called reflex, 
but the term ‘indirect’, which has also been applied to it, is preferable, since 
it does not imply the existence of a nervous afferent component. Indeed, the 
phenomenon is observed in the presence of diverse lesions in the nerve supply 
to the legs, and there is little doubt that the nervous afferent component, if 
present, is small (Uprus, Gaylor, Williams & Carmichael, 1935; Uprus, Gaylor 
& Carmichael, 1936; Gibbon & Landis, 1932). | 

Radiant heating of the legs has been shown to produce a vasomotor response 
in the hand which is, at least for a few minutes, independent of the return of 
warmed blood from the legs, and which appears to be mediated by afferent 
nervous impulses from the heated area (Kerslake & Cooper, 1950). It was 
shown that an increase in hand blood flow took place within a few seconds of 
the commencement of radiant heating of the legs, and that the magnitude and 
latency of this response were not significantly altered if the circulation to the 
legs was arrested. It was thought probable that the efferent pathway for this 
reflex would be by way of the sympathetic supply to the vessels of the hand, 
and attempts were made to obtain a subject who had suffered unilateral 
cervical sympathectomy, in order that this hypothesis might be checked. The 
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first subject to be made available, however, had had bilateral lumbar sympath- 
ectomy performed some 4 months previously, and his cervical sympathetic 
nerves were intact. It was thought worth while to see whether the response 


_ to heating the legs was normal, using the response to chest heating as a measure 


of the sensitivity of his reflex control. It was found that while the response to 
heating fhe chest was normal, when the legs were heated for 2 min there was 
no evidence of a change in hand blood flow. The change normally observed is 


about half as great when the legs are heated as it is with trunk heating, and 


in this case the expected rise in hand blood flow after 2 min heating of the 
legs was about 6 ml./100 ml./min. This result suggested that the response from 
heating the legs was abnormal, but the cause of the abnormality had yet to 
be determined. Experiments designed to discover the cause and to try to trace 
the peripheral afferent nervous pathways involved form the subject of this 
paper. 

It was clear that if the nervous impulses from the legs, which presumably 


~ motivate the normal vasomotor response to heating them, travelled in nerves 


which were divided during the performance of lumbar sympathectomy, the 
reflex response would be abolished by this procedure. On the other hand, 
alternative explanations seemed possible. The condition for which sympa- 
thectomy had been prescribed might itself be the cause of the absence of 
response. This possibility would be ruled out if it could be shown that a response 
was present shortly before the operation, but was absent afterwards. The 
second series of results presented here demonstrate that this is the case. Since 
the absence of response can be directly attributed to division of the sym- 
pathetic supply to the heated area, the investigation is narrowed to a considera- 
tion of how this might come about. Sympathectomy results in an increase in 
blood flow through the skin of the area affected, and this might lead to a change 
in the characteristics of the afferent impulses during heating. It will be shown 
that the response is still absent many months after operation, at a time when 
the superficial blood flow through the legs has returned to a normal value 
(Lynn & Barcroft, 1950). That the operation itself did not produce some 
general suppression of vasomotor reflex activity is shown by the third series 
of results, in which a comparison is made between the responses from heating 


sympathectomized and normally innervated limbs of the same patient. 


METHODS 

Heating was carried out by means of a cylindrically curved aluminium heat cradle 3 ft. long, 
which contained six household electric light bulbs. These were normally 100 W lamps, but in one 
series of experiments 150 W lamps were used. The subject lay on his back on a stretcher or bed, 
the heat cradle arranged over his legs and suitably screened so that its radiation fell only on the 

kin area desired. A water-filled plethysmograp! was applied to the left hand, and the arm 80 
arranged as to prevent pressure on the nerves at the elbow, and to ensure that the water in the 
plethysmograph was roughly level with the manubrium sterni. The water ~~ was 
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30-31° C, A 1} in. cuff was applied round the wrist, and inflated automatically to 60 mm Hg at 
appropriate intervals. Volume recording was done either electrically (Cooper & Kerslake, 1951) 
or optically (Kerslake, 1949). 

The experiments are grouped into three series, and the details of procedure in each case will 
be described with the results. All groups, however, consist of a series of short experiments with 
rest periods in between. In all cases the cycle of application of the collecting pressure was con- 
tinued during the rest periods, although inflows were not recorded. Periods of heating were kept 
as short as possible in order to try and avoid general heating of the subject, which would cause 
a vasodilatation of the type described by Pickering (1932). Such a vasodilatation would wear 
off only slowly and might be expected to swamp the small changes due to alteration in afferent 
nervous activity. For this reason the increases in hand blood flow observed during the experi- 
ments were usually small, and were frequently comparable with the spontaneous changes in the 
resting hand flow. Little can therefore be expected from the study of the results of one experiment, 
and it is necessary to examine the results of a series of identical experiments in order to determine 
whether or not vasodilatation is taking place. 


RESULTS 


Lumbar sympathectomy of long standing 

In addition to the case mentioned in the introduction, one other patient of 
this type has been examined. The legs were in each case heated as far up as 
the mid-thigh, and 100 W lamps used in the cradle. Six experiments were 
performed on each subject, the legs being heated in three, and the front of the 
trunk in three. The mean values of hand blood flow are presented in Fig. 1, 
which includes also the mean results of the same procedures for four normal 
subjects. It will be seen that although there is no obvious abnormality in the 
response of the patients to chest heating, their ern to leg heating are 
very small or absent. 

One other patient has been examined 4 months after operation but in this 
case data are available of his response to leg heating shortly before operation. 
The legs were heated up to the knees for 3 min and the hand blood flow recorded 
at intervals of 20 sec both during the period of heating and the two control 
minutes before and after heating. The procedure after operation was identical 
with that adopted before operation. The mean results are presented graphically 
in Fig. 2. Again there is no evidence of reflex vasomotor response after 
operation, but the response obtained before operation, though small, is within 
normal limits. 


Comparison of response before and 1 week after bilateral lumbar 
sympathectomy 

Three patients have been investigated before and after operation in such 

a way that the alteration in response may be examined. The pattern of the 

experiments for the first three was as follows. Heat was applied to the lower 

legs and feet, using 150 W instead of the 100 W lamps. During the second half 

of each minute three hand inflows were recorded. The experiment lasted 3 min, 
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Fig. 1. Blood flow changes in the left hand of normal and sympathectomized subjects. Graphs 
on the left-hand side show the responses to heating the front of the trunk; those on the right 
refer to heating the legs up to the mid-thigh. Subject A.L. 3 months after bilateral lumbar 
sympathectomy ; subject 8.B. 13 months after bilateral lumbar sympathectomy. Each curve 
is the mean of three experiments. The lowest curves show the mean results for three experi- 
ments on each of four normal subjects. 
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| Fig. 2. Blood-flow changes in the left hand during the application of radiant heat to the legs. 
7 @——© 4 months after bilateral lumbar sympathectomy, OO before operation. Each 
if curve is the mean of three experiments. The mean blood flows during the pre-heating, heating 
i, and post-heating periods were 5-90, 7:34 and 5-72 ml./100 ml./min before operation; and 


2-41, 2-52, 2-74 ml./100 ml./min after operation. The dilatations were therefore + 1-53 before 
and —0-05 ml./100 ml./min after operation. 
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the lamps being turned on at the end of the first minute and off at the end of 
the second. The three sets of inflows obtained in each experiment thus represent 
the mean blood flows during the }-min preceding heating, the second $ min of 
heating, and the period from } to 1 min after heating was stopped. The mean 
results for these periods in each experiment are presented in Table 1. It will 
be seen that in some experiments there was an appreciable difference between 
the blood flows in the two control minutes. The most reasonable course appeared 
to be to estimate the dilatation from the difference between the blood flow 
during heating and the mean of the two control values (1st and 3rd min). On 
the other hand it was possible that the inclusion of cases in which, for example, 
the blood flow rose in the 2nd min but remained high in the 3rd might give 
rise to a misleading result. In consequence the results have been grouped 
according to four criteria, and are set out thus in Table 2. Comparison of the 
dilatations before and after operation demonstrates a significant change only 
in the cases where all the results are considered together, or only those in which 
pa two control flows were in fairly good agreement. In the cases in which the 
flow exceeded the Ist min flow the changes were just significant and 
remainder the changes were not significant but the number of experi- 
nial was smaller. There is, however, no indication that any particular group 
of experiments is biasing the results unduly, so that a significant reduction in 
the response has been demonstrated. The figures for dilatation after operation 
suggest that this response has been abolished rather than merely reduced, but 
such a conclusion is not open to statistical proof. 


Cases of unilateral lumbar sympathectomy 


Three patients have been examined after unilateral lumbar sympathectomy. 
The responses from the operated and unoperated legs were compared. In each 
experiment the leg was hedted for 2 min under the heat cradle, using 100 W 
bulbs. The other leg was outside the cradle and lightly covered with a blanket. 
Blood flow was measured in the left hand at intervals of 20 sec during the period 
of heating and the 2 min control periods before and after heating. In two 
patients the left leg was sympathectomized so that the response from the 
normal leg was contralateral. In the other case the right leg was sympathecto- 
mized. Three experiments were performed heating each leg of each patient. 

The mean results for all eighteen experiments are presented graphically in 
Fig. 3. It will be seen that there is no apparent change in hand blood flow 
when the sympathectomized legs were heated. When the control legs were 
heated the hand blood flow increased during the period of heating although the 
first reading, which began 10 sec after the lights were turned on does not differ 
from the resting level. This was to be expected, since it has previously been 
shown that there is a delay of 12-15 sec between the commencement of heating 
and the onset of vasodilatation (Kerslake & Cooper, 1950). It will also be seen 
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TaBie 2. The results of the experiments detailed in Table 1 have been grouped according to 
various criteria. The figures presented are mean blood flows in ml./100 ml. hand/min. Dilata- 
tion is expressed as the mean blood flow in the 2nd min minus the mean of the flows in the 
lst and 3rd min. The column headed ‘%,’ shows the percentage increase in blood flow during 
the period of heating. The next column gives the number of experiments which have been 
averaged. The last column gives the value of P when the dilatations in the individual 

experiments before operation are compared with those observed after operation (¢ test). 
lst min 2nd min 3rd min Dilat. % No. P 
Mean of all experiments 


Before 454 590 5:18 104 21-4 14 <0-02 
After 2-91 326 356 0-02 0-6 14 


Mean of experiments in which 3rd min flow exceeded Ist min flow 
Before 402 569 562 087 #180 x =0-05 
After 288 336 387 -002 -06 #410 

Mean of experiments in which 3rd min flow did not exceed Ist min flow 
Before 523 618 459 ##$j.1-27 25-9 6 >0-10 


After 298 302 280 013 4-1 4 
Mean of experiments in which 3rd min flow was within 1 ml./100 ml./min 
of Ist min flow 


Before 452 513 434 070 £42158 9 <0-01 
After 298 319 0-07 2-2 12 


| 
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Hand blood flow, mi./100 mi./min 


0 i Heat i 
0 2 4 6 
Time in minutes 


Fig. 3. Blood flow changes in the left hand during heating of one leg in three subjects. Each 
curve is the mean of nine experiments, three on each subject. O——O heat applied to 
normally innervated leg. @——@, heat applied to sympathectomized leg. 


that the blood flow remains elevated for a short while after heating is stopped. 
This may be due in part to residual radiation from the hot lamps but might 
also represent a sluggish response of the hand vessels of these patients to an 
increase in vasomotor tone. It is unlikely that the return of warm blood plays 
any part in the inception or maintenance of the vasodilatation as there is no 
evidence of this mechanism in the curve relating to the heating of the sympath- 
ectomnzed leg. These response lags cannot satisfactorily be defined in time, 
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and consequently have been ignored in computing the dilatations (Table 3). 
The dilatation in any experiment is expressed as the difference between the 
mean blood flow during the period of heating and the mean blood flow during 
the two control periods. It is clear, therefore, that the effect of the response 
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Fig. 4. Mean blood flow levels before, during and after heating one leg. In each case graph A 
refers to heating the normally innervated limb; graph B to heating the sympathectomized 
limb. Values for P indicate the significance of the difference between the mean blood flow 
during the period of heating and that during the two control periods before and after heating. 
Each period lasted 2 min, during which six inflows were recorded. Three experiments of each 
type were performed. 


lags will be to give lower values to the figures for dilatation than would have 
been obtained had a satisfactory method for eliminating this innaccuracy been 
found. 

Fig. 4 shows diagrammatically the mean findings on each patient and also 
the pooled results on all three patients. A statistical comparison has been 
made between the mean blood flow during the period of heating and the mean 
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blood flow during the control periods in each case. Values for P are indicated 
in the figure. In no case was there a significant dilatation when the sympa- 
thectomized leg was heated, and in two cases the dilatation occurring when 
the normal leg was heated reaches a level of significance. On the pooled results 
a very high degree of significance is obtained. 

The mean blood flows during each period of each experiment are set out in 
Table 3 together with the dilatation calculated as described above. When the 
control limb was heated, a dilatation was observed in every experiment, 
whereas when the sympathectomized limb was heated dilatation occurred in 
three experiments, no change in one, and constriction (expressed in the table 
as negative dilatation) in five. The mean dilatation in the experiments in which 
the control leg was heated was 1-65 ml./100 ml. hand/min, and in those in 
which the sympathectomized leg was heated was 0-05 ml./100 ml. hand/min. 
A direct comparison of these means gives a value for P of less than 0-01. 


DISCUSSION 


The results presented demonstrate a significant difference between the 
responses to heating sympathectomized and normally innervated areas even 
though the dilatation to be expected from heating the small areas used would 
itself be small. There is presumptive evidence that the normal reflex vasodilator 
response in the hand to heating the legs is abolished by lumbarsympathectomy. 
The response investigated here is distinct from the indirect vasodilatation 
described by Pickering (1932) which has been shown to depend upon the return 
of warm blood from the heated area. Various alternative explanations for the 
absence of response after operation have been ruled out for the reasons given 
in the introduction, and it is concluded that the change is directly due to 
severance of the lumbar sympathetic trunk. 

The mechanism whereby the normal response is mediated by an intact 
sympathetic supply to the legs is still undetermined, since it is not essential to 
assume the existence of afferent fibres passing through the sympathetic chain 
in order to explain the observations. For example, it might be postulated that 
the afferent impulses are derived from somatic nerves terminating on or near 
the cutaneous blood vessels in the leg. Such fibres associated with arteries in 
animal limbs have been described by Moore & Moore (1933) and Moore & 
Singleton (1933). Grant (1935) has shown that the normal local response of 
cutaneous vessels to heat is reduced by sympathectomy, so that the vascular 
afferent fibres might normally be stimulated indirectly by skin heating, but 
this would not be true of a sympathectomized area. However, the local 
responses, though somewhat reduced, are still present (Grant, Bland & Camp, 
1933) and unless it can be shown that the reflex response can be abolished by 
lesions of the somatic nerves in the presence of a normal sympathetic innerva- 
tion to the heated area, this explanation is regarded as unnecessarily com- 
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plicated. Visceral afferent fibres having their cell bodies in the posterior root 
ganglia are known to run in association with the thoraco-lumbar sympathetic 
chain (McSwiney, 1945; Bain, Irving & McSwiney, 1935) and some evidence 
of similar fibres from the limbs has been obtained (Freeman, Shumacker, 
Wayson & Stahl, 1948; Kuntz & Farnsworth, 1931; Kuntz & Saccomanno, 
1942; Smith & van Harreveld, 1951). The latter fibres appear to be associated 
with pain sensation but this is not inconsistent with their having a primarily 
thermal function. 

It is interesting to note that there appeared to be no difference in thermal 
sensation between the sympathectomized and control limbs. It was suggested 
to the unilaterally sympathectomized patients that the application of heat to 
the control limb produced a sensation which differed from that produced by 
heating the sympathectomized limb, but in every case this was denied. It 
would appear, therefore, that while the afferent fibres postulated may be 
concerned with the maintenance of normal cutaneous vascular tone and even 
with thermoregulation, they play no direct part in the conscious appraisal of 
thermal environment. 


SUMMARY 


1. Radiant heat applied for 1 min to the legs of two patients who had 
suffered bilateral lumbar sympathectomy did not elicit reflex vasodilatation 
in their hands. Their responses to trunk heating were within normal limits. 

2. In four patients examined before and after bilateral lumbar sympath- 
ectomy, the response was shown to be reduced or absent after the operation. 

3. Cases of unilateral lumbar sympathectomy showed no ‘Tesponse from 
heating the sympathectomized leg, but a normal response from the other. 

4. It is concluded that division of the sympathetic supply to the legs results 
in abolition of the normal nervous reflex vasodilator response to heating them. 


The authors wish to express their gratitude to Professor Sir James Paterson Ross and the staff 
of the Surgical Unit, St Bartholomew’s Hospital and to Dr C. J. Barnes and Mr C. G. Scorer of 
Hillingdon County Hospital for their generous co-operation in the supply of patients for this 
investigation. We are also grateful to Mr R. H. Matchett for his assistance in the experiments, and 
to the patients for their willing co-operation. 
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Gunter, Harding & Stiles (1951) have recently published curves representing 
the spectral variation of the reflexion factor of the cat’s tapetum. Six pairs of 
tapeta were excised, mounted in glycerine, and their reflexion factor was 
measured, The maximum reflexion of the incident light amounted to about 
25%, and was situated in the blue part of the spectrum. In three cases there 
were subsidiary maxima in the orange. The authors concluded that the per- 
centage of light reflected was too small to play an appreciable role in modifying 
the retinal sensitivity. In contradistinction, Granit (1943) ascribed a yellowish 
green appearance to the light which was reflected maximally from the in situ 
tapetum and stated that it was a very efficient reflector. Rushton (1952) 
called its colour green, and Murr (1928) thought that the reflectivity of the 
tapetum was so considerable and varied so much from cat to cat that this 
variation would account for the diverging results obtained in his behavioural 
experiments. 

It was thought, therefore, that a determination of the in situ reflectivity of 


the cat’s tapetum might —* contribute towards the elucidation of some 
of these problems. 


METHOD 


Apparatus 
The apparatus consisted of a Hilger Barfit monochromator and a photometer (Fig. 1a) and was 
basically similar to the one used by Brindley & Willmer (1952). The monochromator was illuminated 
with a tungsten ribbon filament lamp (F), Ilford Bright Spectrum filters nos. 622-6, 607-8, 
(7) being used to reduce the effect of scattered light. Field lenses (not shown) were mounted in 
the slit-holders, and focused images of the prism faces on the condenser and L, respectively, hence 
increasing the amount of light passing through the photometer. The photometer lens (,) rendered 
parallel the beam emerging from the exit-slit (S,). A photometer prism (P), with half of the 
diagonal plane silvered, divided the light into two equal parts. The matching-beam was focused 
by the lens L, on to a magnesium oxide surface M,, the testing-beam by the lens L, on to the 
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_ Was tested at three wave-lengths: 460, 530, 600 mp. Since the density (D) was found to be 
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Fig. 1. (@) Apparatus used for the measurement of the spectral reflectivity. (6) Modification 
used to measure the reflexion at an angle other than normal. For symbols see text. 


attached to L, which was seen in Maxwellian view. A dental inpression served to steady the 
observer’s head. In front of M, there was a calibrated neutral wedge (W) by means of which the 
intensity of the matching-beam could be equated visually or photo-electrically to that of the 
testing-beam. As the reflectivity (R) is defined as the fraction of the incident light which is 
reflected, it follows that D= -log R where D is the density reading of the wedge corresponding 


to the match. 
Calibration of the apparatus 
The monochromator was calibrated in the usual manner with spectral lines obtained from 
Cd, Hg and Na lamps. The slit-width was 3-7 mp at 546-1 my. The linearity of the neutral wedge 
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a linear function of the length of the wedge x, D =a + bz. The constants a and b were determined 
for each wave-length in the following manner. The magnesium oxide surface (M,) was replaced by 
a front-silvered mirror and the observer's eye by a photo-multiplier coupled to a Cambridge 
Unipivot galvanometer. Two rotating sector disks were used in turn for each wave-length; one 
with a transmissivity t=0-1 and one with ¢ =0-25, The calibration consisted in first observing the 
galvanometer deflexion when the disk was rotating in the light beam, the wedge being withdrawn. 
Then the disk was stopped and the wedge advanced till the deflexion was the same. Two wedge- 
settings obtained in this way for each wave-length made it possible to evaluate a and b. 

The correct position of the photometer in regard to the beam leaving the monochromator was 
ascertained prior to each experiment. The place of the cat’s tapetum was taken by another 
magnesium oxide surface, M,, which was conjugate with M,, and assumed to be identical with 
it in all respects. The photometer holder was manually adjusted in its clamp on the base-boapi 
till the two halves of the field were equally bright. The equality was checked with light of six or 
seven wave-lengths in turn before every experiment because a combination of suitable circum- 
stances could contrive an identity between the two halves of the field over a limited part of, but 
not necessarily throughout, the spectrum. 

An additional calibration was required for the determination of the variation of the reflectivity 
(R) with the angle of reflexion (#). The arrangement shown in Fig. he sees 0 perpendicular 
reflexion (@ =0). The measurement of RF at § +0 necessitated a suppl y optical system shown 
into the right-angled prism (P,). The latter was fixed to a slider: when in position A it admitted 
the light reflected at @=0, but when in position B, the light reflected at +0. Since a perfectly 
diffusing surface (like M,) reflects light equally in all directions Ry# ,=Rg». In actual fact the 
two halves of the field were unequal owing to reflexion losses in the supplementary system. The 
wedge-reading which was produced by equating the brightnesses thus provides a calibration of 
the system for each test wave-length used in this part of the work. 


Procedure 


The animal was anaesthetized with pentobarbitone sodium. Thereupon it was decerebrated, 
for the performance of which operation the writer is greatly indebted to Dr L. C. Thomson. The 
fur surrounding the eye to be examined was removed, stitches were made in the upper and lower 
lids respectively, and the anterior part of the nictitating membrane was excised. A cross-incision 
was made in the cornea and the four flaps cut away. A large part of the iris was cut out. When 
bleeding had stopped and all the blood clots had been removed, the lens was extirpated with a pair 
of lens forceps. If necessary the circular aperture thus produced was tidied. A glass-tube was then 
inserted into the vitreous, care being taken lest it touch the fundus. A single mouth blow generally 
sufficed to force the whole of the vitreous out of the eye. The retina usually collapsed on the floor 


_ of the fundus. Careful manipulation with a small stick protected with cotton-wool led to the 


exposure of the tapetum. The major blood-vessels were left in position. If they burst it was 
virtually impossible to stop the bleeding and the tapetum could not be used for any observation 
whatever. In measurements of the variation of R with the angle of reflexion about 0-8 x 0-5 cm’ 
of the temporal side of the left sclera was excised. An attempt to excise a larger part led to the 
partial collapse of the eye-ball and a folding-up of the tapetum. It was found impossible to 
subtend at the eye an gngle larger than about 40° over such a width as to render measurements 
feasible. 

As soon as the preparation was ready, the eye was filled with saline to prevent the tapetum from 
drying. The animal’s head was next rendered immobile by fixing it in a head clamp. Then the 
tapetum was aligned in the optical system of the photometer. Its correct location in the focal 
plane of L, could bg checked both by observing the image of the exit-slit being ‘in focus’ and also 
by viewing L,: when the tapetum was not in the focal plane of L,, L, was not seen in Maxwellian 
view since the test-beam did not enter it as a parallel beam. If the observer’s eye was emmetropic 
the matching half of the field was ‘in focus’: if the image on the cat’s tapetum was not ‘in focus’ 
the observer had to accommodate for one beam or the other. Only if both halves of the final beam 
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en sharply, could th the optics besaid to be correct. The position of the slit image (~ 4 x 0-25mm*) 
on the tapetum was fixed with respect to the major vessels by inspecting the image formed by L, 
with a hand-lens: the photometer was thus converted into an ophthalmoscope. Care was taken 
lest the image fall on one of these large vessels since they would modify the measured optical 
properties of the tapetum. 

Not only do tapeta differ from animal to animal and from eye to eye in one and the same 
animal, they are frequently non-uniform in coloration. While the central part is the brightest, 
distinctly mottled tapeta have been met with, yellow alternating with green. Only the very edges 
of the tapetum are blue. Consequently, the choice of tapetal region investigated is rather arbitrary 
when the size of the test-image is considered. Except when the regional variation of R was 
investigated, the ‘lightest’ part of the tapetum was chosen. This was central and would correspond 
to the cat’s ‘fixation area’. It is here that the dioptrics of the eye would produce the image of 
whatever the animal was observing. 

The wave-lengths for each measurement were selected at random. During the measurements 
the tapetum had to be irrigated frequently, and the secretion of aqueous humour controlled. 
Even so, after about 2 hr the tapetum would become crinkled, thus vitiating any further measure- 
ments. After some practice a whole run ranging from 420 to 650 my could be completed in 25 min. 
When no change in the tapetum had taken place the results were reproducible to within 2 or 3%. 
It was possible to modify the procedure in the experiments on the variation of R, with @ since only 
three wave-lengths were used. After the accessory optical system had been cmibrated Rg, and 
Ro+_ Were measured in turn for a given tapetal location. Four readings were obtained for each 
wave-length. Since this series did not occupy a long time, Rg, was redetermined to discover if 
there had been a significant temporal change since the first measurement. 
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Fig. 2. Variation of spectral reflectivity with time. Initially, @ @ @; 1 hr after, + + +. 


RESULTS 


Figs. 2-4 show results obtained under various conditions. In all instances the 
spectral reflectivity R) is plotted along the ordinate and the wave-lengths in 
my along the abscissa: the violet part of the spectrum is on the left, and the 
red on the right. - Although a good magnesium oxide surface is a perfect 
diffuser in the sense that the amount of light reflected within a solid angle dw 


_ by a small areal element 8A is the same in all directions, the total amount of 


reflected light is only 97°% at 400 mp and 98% between 500 and 700 my. 
the requisite small correction was to all the measurements. 
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The reflectivity was measured in terms of that of magnesium oxide. The 
implicit assumption is that the tapetum itself acts like a perfect diffuser. 
Rushton (1952) states that this is the case and the results obtained on the 
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Fig. 3. Variation of reflectivity with tapetal location. The location of the slit image 
in relation to the optic disk as shown in the inset (ophthalmoscopic view). 


Fig. 4. The change of reflectivity at an angle of 35° as measured for three wave-lengths. 
Values @=0 are put equal to unity. 
variation of R, with the angle of reflexion support this view. It was found, 
however, that when the tapetum had been tampered with for some reason or 
other or had collapsed temporarily, its reflexion became much higher than was 
consistent with that of a perfect diffuser. On the other hand, visual examina- 
tion showed that the reflexion had not become specular. The incident and 
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perpendicularly poems beams each subtended at the tapetum an angle 


dw = = solid radians. 5A, is the effective area of the photometer 


f? 
prism P, and f the ails length of L,. 8w was reduced for the beam reflected at 
35° but this has been taken into account by the calibration mentioned above. 

The varvation with time. Fig. 2 records the change in spectral reflectivity 
which occurred during 1 hr after the first measurement (@ @ @) had been 
carried out. This decrease in the second series (+ + +) is not likely to be 
due to any surface desiccation, since the tapeta were kept moist by irrigation 
with saline during all observations. 

The variation with tapetal location. Fig. 3 shows the results obtained at three 
different locations in the same tapetum. The inset shows the positions examined 
relative to the optic disk, as seen ophthalmoscopically ; it is not drawn to scale. 
The series (1), (II), (II) were taken in that order with an hour’s interval 
between each. The considerable decrease in the values of R, shown for the last 
series is more likely to be due to the time-effect illustrated in Fig. 2 than to an 
original absolute difference between this and the other two areas. The measure- 


ments show a clear correlation with the hue of these patches: (1) was bluish 


green, (2) yellowish green, and (3) yellowish. 

The variation with angle of reflexion. Two sets of measurements were carried 
out at wave-lengths 500, 550 and 600 my. The angle of reflexion was about 35° 
in the horizontal (temporal) meridian. Fig. 4 shows the results obtained for 
the three wave-lengths, the values for normal reflexion (4) being put equal to 
unity. If the tapetum were a perfect diffuser all the results should be at P 
whose vector length is equal to that of N. There is a small, but not very 
significant decrease in the amount of light reflected at 35°. Since R, for the 
three wave-lengths does not experience equal changes, the colour of the 
tapetum at @=35° as seen in ‘white’ light may appear different from that at 
normal reflexion (@ =0°). 

The variation with age. No correlation could be observed between the tapetal 
colour and the age of fully grown cats. A 14-day-old kitten was found to be 
without tapetum; one 3 and another 9 months old had yellow tapeta. 

Averaged data. It is impracticable to measure the reflectivity of the tapeta 
of every cat used in visual experiments, all the more so as there may be 
individual variations in the same animal. But approximate correction values 
can be provided by grouping together data for ‘yellow’ and ‘green’ tapeta 
respectively, Results obtained for three ‘yellow’ and three ‘green’ tapeta in 
six animals have been averaged, the mean values being shown in Table 1. 
Standard errors of the mean are shown for two wave-lengths. Their magnitude 
is caused not so much by errors in measurement as by individual variations 
in the samples. These values of R, are used in the corrections applied in the 


discussion below. 
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TasiE 1. Mean values of R, for tapeta of yellow and green appearance respectively 


R 
A ‘Yellow’ ‘Green’ 

420 8-38 
430 5-53 9-51 
440 8-62 10-71 
450 11-29 17-46 
460 13-38 24-20 
470 18-45 30-78 
480 22-44 32-64 
490 26-91 36-66 
500 28-36 + 5-1 8.x. 38-79 
510 32-63 43-54 + 5-4 
520 36-85 45°46 
530 41-22 45-69 
540 43-47 48-85 
550 48-99 47:18 
560 51-62 
570 54-40 41-57 
580 38-30 
590 58-144 2-4 36-62 + 12-3 s.xz. 
600 ‘73 35-61 

610 55-57 29-46 
620 50-26 26-45 
630 45-59 22-27 
640 40-60 19-22 
650 33-52 18-09 

DISCUSSION 
>. 
The blue tapetum 


An excised tapetum was mounted in glycerine and its reflectivity measured. 
The tapetum having turned blue, the measurement gave results substantially 
agreeing with those of Gunter et al. (1951); only the absolute value of the 
reflectivity was higher in the present case. Yet none of the tapeta examined 
in situ had appeared to be blue. The following series of steps were carried out 
in an attempt to discover the reason for this difference. Fresh yellow tapeta 
were mounted in glycerine and sucrose respectively: they turned blue in each 
of them. A fresh yellow tapetum was squeezed in between microscope slides, 
when it also turned blue. A yellow tapetum in situ was irrigated with 
glycerine, whereupon it turned greenish. Similarly, a yellowish green tapetum 
which had been allowed to dry in situ exhibited blue patches. However, when 
the dehydrating effect of glycerine or glucose was counteracted by irrigation 
with saline in vivo or in vitro, the yellow colour returned. Thus a yellow tapetum 
which had been mounted in glycerine and, having turned blue, left there for 
3 days, turned yellow on irrigating it with saline. The blue patches in the dry 
in sttu tapetum likewise disappeared on washing the eye with saline. It would 
thus appear that the blueness of the tapeta described by the above authors is 
due to a reversible change connected with dehydration. 

The mechanism of tapetal reflexion. The above authors also state that the 
tapetum contains probably two pigments, since some of the reflectivity curves 
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exhibit two maxima. Walls (1942), on the other hand, ascribes its colour to 
interference effects. The variability of the tapetal colour would appear to 
support the latter view, and so would the iridescence observed when white 
light falls on an exposed intact tapetum. In an attempt to elucidate the 
mechanism of reflexion several transverse sections of a freshly excised tapetum 
were prepared. Fortunately an accident happened in one case: the tapetum 
became partly detached from the choroid and came to overlie it so that a tip 
was free. The section was irrigated with glycerine. The sclera became trans- 
lucent, as is usual when it is dehydrated: viewed against a white background 
it was yellowish white, but on a black background bluish. The free tip of the 
tapetum behaved in the same way except that both the yellow and the blue 
were more saturated. These facts suggest that the blue colour of the dehydrated 
tapetum is due to scattering of light by small particles: it is similar to that of 
the blue of the sky and of the unpigmented iris in man. When small particles 
are illuminated with white light and viewed against a black background, the 
dominant colour of the scattered light is blue since the fraction of scattered 
light is inversely proportional to the fourth power of the wave-length. When 
dehydrated the tapetum adheres the the black choroid: consequently its fine 
structure enables it to scatter blue light. This accounts for the blue observed 
near the tapetal edge in the normal structure, and also for the effect produced 
by pressure: it-is necessary to assume that the contact between choroid and 
tapetum should be particularly close near the edges, or, alternatively, that the 


ad. tapetum should be thinner there than elsewhere. The relative absence of blue 
lly in the hydrated state may be due to the swelling of the tissue: in this case the 
he scattering particles become large as compared with the wave-length of light 
ed when Rayleigh scattering no longer takes place; the spectral characteristics 
rut then correspond to those of the tapetal structure which is faintly yellowish 
ota orange. The dominance of orange would be due to the absorption properties 
ch of this tissue, and the desaturated appearance to a small contribution of the 
es, scattering effect. 

” Theory of correction of spectral sensitivity 


Let the total spectral energy required to produce a visual‘vesponse in the cat 
be E); this is made up of two parts, namely e), the energy travelling towards, 
and e,R,, the energy travelling from, the tapetum. Thus £,=e,(1+R,). Now 


» e, is the value measured by photometric means and £) is the receptoral 
dry threshold: its reciprocal value represents the receptoral sensitivity S,., 
uld (Thomson, 1951). The measured sensitivity 

1+R 
the and is thus greater than S,._ by a factor of (1+.R,). This expression has been 


ves given by Gunter et al. (1951) and is derived here for the sake of clarity. Only 
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those values of R, which are not too small as compared with unity will provide ; 
an appreciable correction to the measured sensitivity values S). 

Corrections due to tapetal reflexion. The presence of the tapetum in the cat’s 
eye will have a twofold effect on the spectral sensitivity. It will change both 
the relative wave-length function, and also the absolute threshold. If the 
spectral reflectivity were the same at all wave-lengths only the absolute 
threshold would be changed. If the receptoral sensitivity S,., is to be deter- 
mined, factors like the density of the ocular media and the tapetal reflexion 
must be allowed for, as they affect the measurement. The elimination of the 


100 (6) : +4100 
90 + 9% 
80 80 
70 + 70 
40 
30 + 30 
Reflectivity (%)-—> 20 
10}- 10 
500 550 600 500 550 600 
Fig. 5. (a) The effect of the corrections of ‘yellow’ (——) and ‘green’ (— - — - —) tapeta on 


Granit’s values for the photopic dominator of the cat. (b) A hypothetical reflectivity curve 
which would be required to change the humped photopic dominator curve into a smooth one. 


second of these factors has been carried out for Granit’s (1943) data for the 
photopic dominator of the cat: they have been corrected for the ‘yellow’ and 
‘green’ tapeta in turn (Fig. 5a). The application of the ‘yellow’ correction 
leads to a relative decrease, that of the ‘green’ one to a relative increase of the 
sensitivity to longer wave-lengths. The application of the ‘yellow’ correction 
cannot significantly reduce the hump in the orange; this supports Granit’s 
conclusion that its nature is physiological. Fig. 5b shows one of the several 
kinds of reflectivity characteristics a tapetum would have to show if the shape- 
irregularity in the cat’s dominator were to be accounted for in terms of tapetal 
reflexion only. The curve representing the ‘smooth’ photopic sensitivity is 
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drawn arbitrarily to fit all but the deviant experimental data. The difference 
between this hypothetical tapetal reflectivity and the observed values (Table 1) 
also provides support for the belief in the physiological nature of the photopic 
‘ hump 

The effect of the correction on the shape of the photopic dominator curve is 
not very marked. In the case of the scotopic data it is quite appreciable in 
connexion with Granit’s early experiments in which he did not take adequate 
precautions to avoid that area of the cat’s retina which was covered by the 
tapetum (1943). In his later work (1945) such precautions were in fact taken, © 
and the ‘yellow’ correction produces only a slight improvement, the ‘green’ 
a deterioration in the agreement between the scotopic dominator and the 
absorption spectrum of visual pigment 502 (visual purple, Lythgoe, 1937). If 
this pigment is accepted as a standard, the root mean square of the deviations 
(in per cent) A as between its absorption spectrum and the scotopic dominator 
curve can be taken as a measure of the agreement between the two sets of 
results. If the tapetal reflexion is responsible for a discrepancy then the 
application of the correction factor (1+ R,) should reduce the values A. The 
use of this term for ‘green’ and ‘yellow’ tapeta respectively in the sets 
of data where Granit (1943) did not avoid recording off tapetal areas in the 
cat’s retina leads to significant differences which are summarized in Table 2. 
Both corrections thus lead to better agreement between theory and 
experiment. 

Taste 2. Values of A, % (Granit, 1943) 
‘Yellow’ correction 5-46 

If the shape of the sensitivity curve is not appreciably affected by the 
correction due to tapetal reflexion, the absolute threshold changes quite 
considerably. This would be expected from the theory of the correction and 
the data obtained for the tapetal reflectivity R,. The magnitude of the effect 
is shown in Fig. 6. The circles represent the absorption spectrum of visual 
pigment 502 (Lythgoe, 1937) generally associated with the scotopic sensitivity 
curves of mammalian rod retinae. In the present instance its reciprocal value 
is identified with the absolute visual threshold at various wave-lengths. The 
crosses represent the absolute sensitivity in the presence of a * yellow’ 
tapetum. In accordance with previous findings the shape of the new sensitivity 
function does not differ considerably from the other but is very much higher. 
This indicates how the absolute visual threshold can be reduced by means of 
a suitable tapetum. The tapetal reflexion can nearly account for the difference 
in absolute thresholds observed as between man and the cat. Gunter (1951) 
has recently obtained a value for the absolute visual threshold of the cat with 
white light and also one for man, measured under the same conditions as in 
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the case of the cat. The power of the cat’s eye (Hartridge & Yamada, 1922) is 
of the same order as that of man. The human threshold, however, was found 
to be 5:5 times that of the cat. Further, the human observers did not control - 
their pupil diameters. Since the”pupil in man will dilate in the dark to about 


0 i 4 i 


500 600 
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Fig. 6. The effect of a yellow tapetum on the absolute scotopic sensitivity curve in the cat. 
@—@, absorption spectrum of visual pigment 502 (Lythgoe, 1937); x x , absolute sensitivity 
in presence of ‘yellow’ tapetum. : | 

0-6 cm, the f-value in the dark-adapted human is approximately half that of 

the cat. The f-values therefore account only partly for the ratio between the 

two thresholds, reducing it to 1-43 in favour of the cat. A mean reflectivity of 

44%, (Table 1, ‘yellow’) reduces the ratio to 0-999 thus making the human and 

feline absolute thresholds very nearly equal. Gunter’s human observers did 

not use a fixation pojnt and therefore probably stimulated the most sensitive 

part of their retina, namely the periphery. This fact and the apparent equality 
between the absolute thresholds of man and the cat respectively suggest that 
the concentrations of visual purple in the two retinae are approximately equal. 


_ Alternatively, any inequality in this respect must be nearly balanced by 


a dissimilarity in the neural arrangements of the two retinae. Now histologists 

have stressed the essential similarity between the neural structures of the 

human peripheral and the cat’s retina. It may thus be tentatively suggested 

~~ the concentrations of visual purple in the two retinae are approximately 
e same. 
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Conclusion 

The variability of the tapetum from cat to cat and even from eye to eye 
suggests that the cat is an unsuitable animal on which to perform certain types 
of visual experiment. Any work in which threshold stimuli are measured will 
be subject to the uncertainty due to the precise amount and quality of tapetal 
reflexion in the intact eye: if, however, differences in energy are measured, as 
is the case in adaptation or polarization, the tapetal reflexion will not matter. 
Again, in absolute measurements significant differences will be obtained as 
between eyes with green and with yellow tapeta (Fig. 5a). This fact detracts 
a little from the remarkable agreement between the photopic dominator in the 
cat and the human photopic sensitivity curve (Wright, 1946). Moreover, if in 
any experiment only an extra-tapetal part of the cat’s retina is considered, 
this is not going to be spared from the effect of the tapetum if any light falls 
on the latter because the reflexion taking place is diffuse. Considerations of 
this kind indicate how difficult it is to control the tapetal reflexion of light, one 
of the physical factors involved in visual work on cats. It may well be that 
if the fraction of incident light absorbed at different wave-lengths in the cat’s 
pre-retinal media becomes known, R, may become measurable in the intact 
eye, in which case some of the. above difficulties would vanish. 


SUMMARY 


1. The apparatus used for the measurement of the spectral reflectivity of 
the cat’s tapetum is described. 

2. The spectral reflectivity has been determined as a function of tapetal 
location, of time, of the animal’s age, and at two angles of reflexion. 

3. The mechanism of tapetal reflexion is discussed. 

4. Mean data for ‘yellow’ and ‘green’ tapeta have been applied to Granit’s 
photopic and scotopic dominator curves. The correction factor due to tapetal 
reflexion affects the shape of the curves to but a small extent; it has, however, 
a marked effect on the absolute threshold. 

5. The tapetal reflexion can account for the difference found as between 
human and feline absolute thresholds. It is concluded that the scotopic 
sensitivity of the human periphery is approximately the same as the overall 
sensitivity of the cat’s retina as measured in behavioural experiments. 

I should like to thank Dr K. Tansley and Miss C. S. Rountree for preparing the sections; 
Dr L..C. Thomson for his help and interest; and Miss M. Beard for her valuable assistance in 
all the experiments. 
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THE RELATIONSHIP BETWEEN DEPOLARIZATION AND 
BLOCK IN THE CAT’S SUPERIOR CERVICAL GANGLION 
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(Received 27 May 1952) 


It is now generally accepted that synaptic transmission in the superior cervical 
ganglion and at the neuromuscular junction is chemically mediated, and that 
acetylcholine is the transmitter responsible. The neuromuscular junction has 
been the more closely studied, and direct evidence has been obtained (Kuffler, 
1943) that acetylcholine, applied directly, will produce a local electrical change 
at the end-plate sufficient to initiate a propagated impulse in the muscle fibre. 
Moreover, Burns & Paton (1951) showed that acetylcholine’s ability to 
depolarize the end-plate was shared by certain of the neuromuscular blocking 
agents (e.g. decamethonium) but not by others (e.g. D-tubocurarine). 

Direct evidence of this type has not hitherto been available for the ganglionic 
synapse and, although Brink, Bronk & Larrabee (1946) have shown that intra- 
arterial perfusion with acetylcholine will produce a train of impulses in the 
postganglionic fibres, there has been no evidence of a local electrical response 
of the ganglion cell to injected acetylcholine comparable to that described by 
Kuffler at the end-plate. Eccles (1935) described slow potential waves localized 
to the ganglion in response to preganglionic nerve volleys: he showed that 
nicotine affected these slow waves, but did not apply any such tests to 
acetylcholine. 

Emmelin, MacIntosh & Perry (1949) attempted to show depolarization of 
the ganglion cell membrane, using the exchange of radio-potassium (K) 
across the cell membrane as a measure of depolarization. They found that 
preganglionic stimulation significantly increased the uptake of radio-potassium 
by the perfused ganglion. They were unable, however, to show that antidromic 
stimulation of the postganglionic fibres produced the same effect, so that their 
experiments were inconclusive, since the effect observed might conceivably 
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have been due to the stimulation of short postganglionic fibres supplying the 
blood vessels of the ganglion, or to potassium exchange in the stimulated pre- 
ganglionic nerve terminations. 

For these reasons the present experiments were undertaken. They show 
a local response of the ganglion to injected acetylcholine, and have made 
possible classification of ganglion blocking drugs according to whether they 
act like acetylcholine or by preventing its action. Moreover, these experiments 
have shown that remarkable changes in the shape of the action potential 


. complex are caused by acetylcholine-like drugs, and led to an investigation of 


the relation between the action potential complex and the cell membrane 
depolarization. Brief accounts of both of these series of experiments have 
already appeared (Paton & Perry, 1951a, 5). 


H A B K 


D E 


Fig. 1. Recording and injection technique for cat’s superior cervical ganglion. A, superior cervical 
ganglion cell; B, preganglionic cervical sympathetic trunk; C, cut tied end of 
trunk; D, needle cannula in distal end of external carotid artery; all other branches of the 
common carotid are tied except FZ, occipital artery, and F, arterial branches supplying the 
ganglion ; G, recording electrodes; H, d.c. amplifier; K, earth lead; L, stimulating electrodes. 


METHODS 


Cats were anaesthetized with ethyl chloride and ether, followed by intravenous chloralose 
(80 mg/kg). The superior cervical ganglion, usually the right, was prepared as for ganglion per- 
fusion by the method suggested by Kibjakow (1933), but the blood supply was left intact. In 
order to minimize the mass of inert tissue under the recording leads, the last stage of the prepara- 
tion consisted of the dissection of the vagus nerve and nodose ganglion away from the cervical 
sympathetic trunk and superior cervical ganglion. Bleeding at this point is inevitable, since the 
blood supply to the nodose gangli@n passes through the capsule of the superior cervical ganglion; 
but if care is taken, the bleeding is transient and the preparation does not suffer, and can be used 
for many hours. 

Platinum wire stimulating electrodes were placed on the cut preganglionic cervical sympathetic 
trunk, and square wave stimuli of 0-5 msec duration were applied at varying frequencies. Non- 
polarizable (Ag-AgCl) recording electrodes were used, and contact.with the ganglion itself and 
with the cut postganglionic trunk was made by thin silk threads soaked in agar-0-9% NaCl. The 
arrangement of the electrodes is illustrated diagrammatically in Fig. 1. One lead was looped round 


cut. 
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Retrograde intra-arterial injections were generally used, to avoid the systemic effects of ganglion 
stimulating drugs, since the vigorous carotid pulsation resulting from intravenous injections 
interfered seriously with the electrical recording. All the branches of the common carotid artery 
were tied, except those supplying the ganglion, and a needle cannula was tied into the cut stump 
of the external carotid artery which was occluded proximal to the cannula by a ‘bulldog’ clamp 
operated by remote control. In most experiments the occipital artery was left intact, to permit 
a free How of blood past the ganglion, which otherwise lay at the end of a cul-de-sac in the arterial 
circulation. This procedure appeared to prolong the life of the ganglion, although rather larger 
doses of drugs were required. 

Action potentials from the recording leads in response to single maximal preganglionic volleys 
were fed into cathode followers, passed through a d.c. amplifier and recorded on one beam of 
a cathode-ray oscillograph, the second beam being used solely as the marker of an arbitrary 
base-line. Thus the distance between the two beams provided a measure of the steady potential 
difference between the ganglion and the cut postganglionic trunk, and slow changes of potential 
could be recorded as an increase or decrease in this distance. In all our records a negativity of the 
ganglion relative to the cut postganglionic trunk is recorded as an upward deflexion, whether 
transiently due to an action potential, or as a relatively prolonged rise in base-line due to a steady 
depolarization. 

Doses of p-tubocurarine chloride, toxiferine I chloride, penta-, hexa-,and decamethonium iodide, 
nicotine tartrate, tetraethy!] ium and tetramethyl ium iodides, and eserine sulphate 
are given in terms of these salts. Doses of acetylcholine are of the base. Doses of all drugs were 
usually given in a volume of 0-2 ml. when inspected intra-arterially. 


In two experiments the spatial distribution of potential along the ganglion and its post- 


ganglionic trunk relative to the cut end of the postganglionic trunk was recorded, using the 
‘space-base’ described by Burns & Paton (1951). With this technique, one electrode is made to 
traverse the ganglion and its postganglionic trunk, this movement being recorded horizontally on 
the cathode-ray screen; the other electrode is fixed at the cut end of the trunk, and the potential 
difference between these electrodes is recorded as a vertical deflexion. In one experiment, the 
superior cervical ganglion with both its preganglionic and postganglionic trunks was dissected free 
and immersed in oxygenated Locke’s solution at a temperature of 37° C; in the other experiment, 
the stellate ganglion was isolated in the same way, since it offers a longer postganglionic nerve 
from which to record. In order to make a recording, the saline bath was removed from round the 
ganglion for a few seconds. 
RESULTS 


Effects of injected acetylcholine 
Small doses of acetylcholine (1-10yug intra-arterially; 200ug intravenously) 
have as their only apparent effect a transient depolarization of the ganglion. 
The action potential is not greatly affected, although there are actually 
definite changes, if not in the spike height of the action potential at least in the 
accompanying slow waves. Larger doses of acetylcholine (200 ug/i.a.) increase 
both the extent and the duration of the depolarization, and this is then 
accompanied by a partial or complete abolition of the action potential (Fig. 2). 
Where the action potential is only partially abolished there is, in addition to 
a reduction of the spike height, an obvious distortion in shape, which seems 
to be due mainly to an effect on the after-positivity. Both the depolarization 
and the reduction of the action potential may be slightly potentiated by 
eserine in doses of approximately 200yg intravenously. These actions are 
illustrated graphically in Fig. 3. It will be seen that 0-2 mg of acetylcholine 
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intravenously produced a slight depolarization but no reduction in spike 
height; in the presence of eserine the same dose produces a larger depolariza- 
tion accompanied, in this case, by a reduction in spike height. When a dose 


Before After 
Fig. 2. Action potentials before and after acetylcholine (200 yg i.a.) (traced from photographic 
records). Cat, chloralose. Upper records—ganglionic action potentials. Lower records— 
arbitrary base-line. Time scale 200 msec. In this and subsequent figures, an increase in the 
distance between the arbitrary base-line and the action potential record represents the degree 


of depolarization of the ganglion. 
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Fig. 3. The effect of acetylcholine on the spike height of the ganglionic action and the depolariza- 
tion of the ganglion cells. GN, ganglionic negativity in terms of initial spike height; AP, spike 
height of action potential. A, effect of 200g acetylcholine i.v; B, effect of same dose of 
acetylcholine after 200 ug eserine i.v; C, effect of 1-0 mg acetylcholine i.v. 

of 1-0 mg acetylcholine is injected intravenously, even in the absence of 

eserine, there is almost complete abolition of the spike with slow recovery 

during 3-5 min (Fig. 3). Simultaneously there is a depolarization of more than 
twice the initial spike height. 
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A study of the onset of, and recovery from, depolarization and block of the 

spike height following acetylcholine (Fig. 4) shows no simple relationship 

~ between the two phenomena. The degree of depolarization for a given degree 

of reduction of the spike potential is much greater during the onset of the effect 

than during the recovery from acetylcholine. This may be put in another way; 

the reduction of spike height is greater for a given degree of depolarization the 
longer the depolarization has been present. 
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Depolarization as % of initial spike height 
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Reduction of spike height (%) 
| Wig. & Relationship between depoleriastion and reduotion of spike height of action potential after 
acetylcholine. Abscissa: depolarization of the ganglion as percentage of initial spike height. 
i Ordinate: percentage reduction of spike height. Closed circles, during onset of block; open 


} Larger doses of eserine, without the administration of acetylcholine, will 
abolish the action potential without producing any depolarization of the 
ganglion. This type of eserine block is seen only after single shocks, since in 
| * these circumstances tetani release sufficient acetylcholine to. produce a 
| depolarization. 

The effects of a tetanus 


| If a tetanus at a frequency of 76 per sec is applied to the preganglionic trunk, 
a depolarization of the ganglion occurs which outlasts the period of tetaniza- 
tion and of post-tetanic increase of the spike height by 5-10 min. This de- 
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polarization is slower in development of its peak size than that observed after 
intra-arterial injections of acetylcholine, possibly because of a concurrent but 
shorter-lasting after-positivity resulting from the tetanus. At the same time, 
the shape of the action potential is greatly altered, although in a way quite - Y 
different from the change produced by acetylcholine (Fig. 5). ‘ 
‘The depolarization evoked by a tetanus is still observed in the presence of 
eserine, and with sufficient eserine the spike height may be reduced consider- 4 
ably by the tetanus. The action potential again changes in shape (Fig. 6), but | 
now in the same way as it does after acetylcholine. 


Fig. 5 Fig. 6 


Fig. 5. Action potentials before and after tetanic stimulation. Cat, chloralose. Upper record, 
tracing of normal action potential. Lower record, tracing of action potential immediately 
after tetanic stimulation at 76/sec for 10 sec. 


Fig. 6. Action potentials before and after tetanic stimulation in the presence of eserine (200 yg i.v.). 
Cat, chloralose. Upper record, tracing of action potential before tetanic stimulation. Lower 
record, tracing of action potential after tetanic stimulation at 76/sec for 10 sec. Time scale 


200 msec. 
The effects of ganglionic blocking drugs | 
The effect of a number of ganglionic blocking drugs was investigated and F 


the results, summarized in Table 1, show that these drugs can be clearly 
differentiated into those which depolarize the ganglion and those which do not. 
In Fig. 7 some tracings from these éxperiments are shown. In this figure all } 

the doses given were such that the depression of the action potential is small; | 
nevertheless, the depolarization produced by acetylcholine, nicotine and 
tetramethylammonium is, in all cases, about 1-14 times the initial spike height. 

It is apparent, too, that these substances produce the same typical distortion 

_ in the shape of the action potential complex, a distortion quite absent with t 
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TaBLE 1. Modes of action of various drugs blocking transmission at ganglion synapse and 
motor end-plate 


500 msec 


Fig. 7. Effect of ganglionic blocking drugs on action potential. Cat, chloralose. Tracings in left- 
hand column were obtained before and those in right-hand column after the injection of drugs. 
A, nicotine 50 ug; B, tet thyl ium 50 ug; C, tetraethyl ium 50 ug; D, penta- — 
methonium 50 pg. 


the non-depolarizing drugs. The effect of larger doses of nicotine and penta- 
methonium is shown in Fig. 8. In this case the abolition of the action potential 
is almost complete; with pentamethonium there is no evidence at all of 
depolarization, whereas with nicotine the degree of depolarization i is nearly 
three times the initial spike height. 

PH. OXIX. 4 


| Action Ganglion Motor end-plate : 
Depolarization Acetylcholine Acetylcholine : 
Nicotine Nicotine 
Tetramethylammonium (TMA) Tetramethylammonium (TMA) 
Decamethonium 
Competition with D-Tubocurarine D-Tubocurarine 
acetylcholine Pentamethonium Pentamethonium) (in 
Hexamethonium Hexamethonium 
ium (in large doses) 
— 
| 


50 W. D. M. PATON AND W. L. M. PERRY 


500 msec 


Fig. 8. Effect of large doses of pentamethonium and of nicotine. Cat, chloralose. Left-hand 
records before and right-hand records after injection of drug. Upper records, pentamethonium 
300 wg i.a. Lower records, nicotine 300 yg i.a. 


Nicotine 


A 
i 
a, 


4 
Time in minutes 


Fig. 9. The effect of nicotine and of tetramethy] i (Conventions as in Fig. 3.) A, effect 
of nicotine 300 yg i.a.; B, effect of tetr th ium 300 yg i.a. 


Further analysis of the effects of nicotine 
The depolarization produced by nicotine was always much more transient 
than that with acetylcholine or tetramethylammonium, compared with the 
duration of reduction of spike height produced by it. In the experiment 
illustrated in Fig. 9a, the ganglion negativity had disappeared’ 3 min after the 
injection, although the spike did not reappear for 10 min, nor return to normal 
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for 30 min. Fig. 96 shows a comparable experiment with tetramethyl 
ammonium, in which the recovery from depolarization is much slower and 
almost parallels that of the spike height. 

These observations suggested that nicotine might possess a mixed action, 
partly acetylcholine-like, and partly by antagonizing the effects of acetyl- 
choline. If this were the case, one would expect that a subsequent identical 
dose of nicotine, given soon after the disappearance of the ganglion depolariza- 
tion but before full recovery of the spike potential, would produce a smaller 
depolarization than normally. Fig. 10 shows that this is true. The second dose 


190- 
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Minutes 


Fig. 10. The effect of repeated doses of nicotine. Upper record, spike height of action potential 
in terms of initial spike height, Lower record, depolarization in terms of initial spike height. 
At arrows 200 yg nicotine i.a. Continuous lines represent continuous recording with stimuli 
once every 3 sec; dotted lines represent absence of recording. Time scale in minutes. 


of nicotine produced only one-eighth or less of the original depolarization, which 
had almost completely passed off. As the spike potential returned towards its 


normal height, the depolarization produced by a third identical dose of 


nicotine also increased; in Fig. 10, where the spike had returned to 50% of 
normal, the depolarization was 50%, of its original magnitude. 


4—2 


05 
0 
= 
£ 
> 
4 
5 3 
2 


52 W: D. M. PATON AND W. L. M. PERRY 


Decremental spread of ganglion negativity 

The fact that the ganglionic body becomes negative to the postganglionic 
trunk after treatment with the depolarizing drugs, suggests that the depolariza- 
tion is a local response of the ganglion cells. ) 

Depolarization of the ganglion cells was produced by acetylcholine (10-*) in 
one superior cervical ganglion and by tetramethylammonium iodide (10~*) in 
one stellate ganglion. Space base records were taken before the addition of 
these drugs to the bath, during their action, and after washing the ganglion, 
and Fig. 11 shows tracings of the results obtained on the stellate ganglion. 


mV 


Distance in mm from centre of ganglion 

Fig. 11. Records of potential of isolated stellate ganglion and postganglionic trunk relative to 

cut end of postganglionic trunk using ‘space-base’. Abscissa: distance from the centre of 

the ganglion along the post-ganglionic trunk. A, before the addition of tetramethylammonium 

(TMA) to the bath to make a final concentration of 1 x 10~ in B, during the action of TMA. 

C, after the removal of the TMA. 
Even before the addition of tetramethylammonium the body of the ganglion 
was partially depolarized, possibly because the cells in the centre of the ganglion 
had died from asphyxia as would be expected in a tissue 2-3 mm thick (Hill, 
1929). Despite this, tetramethylammonium nevertheless produced a further 
depolarization of 600-700 .V at the centre of the ganglion which disappeared 
on removal of the drug.- Fig. 11 also shows how this additional depolarization 
diminishes with distance from the centre of the ganglion, falling to one-third 
of its maximum value approximately 1-8 mm from the centre of the ganglion. 
Acetylcholine produced on the superior cervical ganglion a similar but smaller 
localized ganglion depolarization. The ganglion negativity, therefore, which 
results from the action of the depolarizing drugs, is a local depolarization of the 
ganglion cell spreading decrementally a short distance along the postganglionic 


Changes in shape of the action potential complex 
Kccles (1935) suggested that the latter part of the action potential complex 
consisted of two separate components, a negative wave (N) and a positive 
wave (P), both decaying approximately exponentially, the P wave more slowly 
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than the N wave. In order to express the changes in the shape of the action 
potential in a quantitative way, we have analysed our records graphically as 
previously described (Paton & Perry, 1951), and have found that the complex 
can be satisfactorily fitted by the sum of two such exponential curves, although, 

no doubt, other mathematical functions fitting equally well could be devised. 

This analysis provides a short and convenient description of the shape of a given 
action potential in terms of four parameters (two initial magnitudes, N, and 
P,; and two time constants ¢, and ¢,). Although only the latter part of the 
action potential (later than the S, and S, spikes) was used for this analysis, it 
was noted that summing the two waves obtained back to zero time reproduced 
a ‘spike’ as well as the ‘slow waves’. 

Although this analysis has a potential value in providing a short means of 
description, its theoretical value is doubtful, since all records were taken with 
external ganglion electrodes. Nevertheless, certain facts about the parameters, 
consistently observed, are worth mentioning: 

(1) The mean values for the normal action potential were ¢, =33 msec 
(range 26-38), ¢, = 86 msec (range 62-112), N, =2-8 x initial spike height (range 
1-3-3-7), 1-6 x initial spike height (range 0-6-2-4). 

(2) The maximal depolarization of a ganglion which could be produced, was 
approximately equal to the initial value of N,, and was much greater than the 
initial spike height. 

(3) With partial depolarization, N, was reduced by an amount approxi 
mately equal to the degree of Depilectntinn 

(4) The change in shape after acetylcholine and the depolarizing blocking 
drugs was largely due to a reduction of ¢, which might become vanishingly 
small. ¢,, on the other hand was not affected. This change in ¢,, was completely 
absent after competitive blocking drugs. 

(5) Immediately after a tetanus, P, was greatly reduced, without change in 
the other parameters. 

The fact that these parameters can, to some extent, be varied independently, 
e.g. by a tetanus or by depolarization, lends some support to the idea originally 
put forward by Eccles (1935), that there are at least two independent processes 


taking place during the action potential. 


DISCUSSION 
The observation that injected acetylcholine will produce a depolarization of 
the cells of the superior cervical ganglion fills one of the main remaining gaps 
in our picture of the mechanism whereby acetylcholine mediates the trans- 
mission of the nervous impulse from the preganglionic to the pongungeantc 
trunk. 
It has been shown that the depolarization is localized to the ganglion and 
spreads only decrementally down the postganglionic trunk. In this respect it 
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resembles the slow after-potentials described and analysed by Eccles (1935). 
Thus, acetylcholine at the ganglion, as at the neuromuscular junction, can 
cause a localized depolarization of the cell membrane, which is then capable 
of exciting the discharge in the postsynaptic fibre already described (for the 
ganglion) by Brink et al. (1946). 

The electrical effects of an injection of acetylcholine are considerably more 
prolonged than is the response to a single preganglionic volley, where the 
acetylcholine is released locally at the nerve terminals and does not flood the 
whole ganglion. As Brink et al. showed, perfusion with acetylcholine does not 
cause a single propagated postganglionic spike, but rather a train of such 
impulses ; this corresponds well with the depolarization which we have observed. 
But even with injected acetylcholine, the transience of the depolarization 
compared with that produced by other drugs, and the considerable prolonga- 
tion by eserine, show that the cholinesterase activity of the ganglion is 
considerable. 

With large doses of acetylcholine, or smaller doses in the presence of a little 
eserine, the spike potential to preganglionic shocks dwindles or disappears 
entirely. Although the exact relationship between the height of the spike 
potential and the degree of block (as defined by contraction of the nictitating 
membrane), has not been established there is presumably some continuous 
relation between the two, and obviously complete absence of ‘spike implies 
complete block. In general, the depression of the spike parallels the depolariza- 
tion in its active course; but a closer comparison shows that the reduction in 
spike is greater, for a given degree of depolarization, the longer the depolariza- 
tion has lasted. There are at least two possible explanations for this observation. 
First, it may be that-prolonged depolarization of the ganglion cell membrane 
leads to a change in its electrical response to acetylcholine, due (one might 
imagine) to an alteration in the distribution of ions on either side of the 
membrane. Alternatively, the situation may be comparable to that of the 
neuromuscular junction, for which it has been shown (Burns & Paton, 1951) 
that persistence of the localized depolarization of the end-plate region by 
specific depolarizing drugs leads to a spread of the depolarization by discharge 
of the adjacent membrane. At this site, therefore, the area depolarized some 
time after the injection of decamethonium may be considerably wider than 
that immediately after the injection, although the peak height of depolarization 
is smaller, and the resulting inexcitability of the adjacent membrane leads to 
a rise of the propagation threshold with lapse of time. If such an explanation 
is to be applied to the ganglion, it implies that there is a differentiation of the 
structures within the ganglion as a whole into specifically reactive membrane 
(the site of a local depolarization) and adjacent membrane excited by electro- 
tonic spread; and that even under the propagated ganglion spike there is 
a considerable element of local slow non-propagated response. This conclusion 
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had already been reached by Eccles (1935) who states that ‘the N wave is 
considerably developed under the 8, summit’. 


Ganglion blocking drugs 

The classification of ganglion blocking drugs according to whether or not 
they depolarize the ganglion (Table 1) corresponds to their pharmacological 
properties, in that those which depolarize also have as their first action 
a stimulation of the ganglion, whereas those lacking such stimulant action 
uniformly fail to depolarize. The first group will be referred to as depolarizing, 
and the second group as competitive blocking agents. (We are not here con- 
cerned with drugs such as local anaesthetics which interfere with ganglionic 
transmission by preventing the release of acetylcholine). It follows that de- 
polarization of the ganglion (of any origin) may give rise to a train of impulses 
in the postganglionic trunk, before block supervenes due to the persistence or 
spread of the depolarization. This classification is precisely analogous to that 
at the neuromuscular junction (Burns & Paton, 1951; Zaimis, 1951), where the 
depolarizing drugs are also those causing signs of stimulation (twitch), con- 
tracture and repetitive discharge. 

Apart from acetylcholine, the only two drugs amongst those tested which 
depolarized were tetramethylammonium and nicotine, of which tetramethyl- 
ammonium appeared to resemble acetylcholine in everything except its speed 
of destruction. With nicotine, however, the depolarization was always transient, 
although the reduction in spike and indeed the block might be prolonged. 
During the period of block, in the absence of depolarization, a further identical 
dose of nicotine produced only a small fraction of the original depolarization. 
This association of block without depolarization with resistance to a de- 
polarizing drug during the block probably implies a blocking action by 
nicotine of the competitive type. It appears, therefore, that nicotine has two 
distinct actions, an initial depolarization accompanied by excitation and then 
block, which passes over into a typical competitive block. This may explain 
why it is traditionally recommended that to produce block with nicotine 
the doses should be divided and slowly worked up, thereby securing the 
competitive block with a minimum of stimulation. 

Among the competitive blocking drugs investigated were decamethonium 
and eserine. A particularly interesting comparison is afforded by the actions 
of decamethonium at the two synapses. That the cell membranes at these two 
sites are closely related physiologically follows from the fact that at both the 
normal transmitter, acetylcholine, produces as its first effect a local depolariza- 
tion. Yet whereas at one site, the neuromuscular junction, decamethonium 
almost rivals acetylcholine in its depolarizing activity, at the ganglion synapse 
it is not only almost inactive but, when given in relatively large doses it 
actually produces block not by depolarizing the membrane but by the alter- 
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native method of competition with acetylcholine. This illustrates the fact that, 
in spite of the similarity in the two membranes in respect of their reaction to 
acetylcholine, there must be distinct physical differences between them; a fact 
which might well go undiscovered but for pharmacological distinctions of this 
sort. This appears to be the only known case where a drug will produce block 
at both synapses, but by different mechanisms. 

The effects of eserine are usually overshadowed by its powerful anti-esterase 
activity. But other actions have been described, such as the non-specific 
increased excitability it produces in the ganglion (Feldberg & Vartiainen 1934), 
its blocking action in relatively small doses on antidromic vasodilatation 
(Holton & Perry, 1951), its curare-like action at the end-plate and in very 
large doses (Eccles & MacFarlane, 1949; Fatt 1950), its depressant action on 
nerve conduction (Bullock, Nachmansohn & Rothenberg, 1946). To these 
actions can now be added ganglionic block which (in the absence of pre- 
ganglionic excitation) is not accompanied by depolarization. This is probably 
a true competitive block and not, like procaine, a block of the preganglionic 
nerve terminals, since Feldberg & Vartiainen (1934) showed that during 
perfusion with high concentrations of eserine the ganglion was not responsive 
to injected acetylcholine. 

There is usually little practical difficulty at present in allotting a given 
compound to one or the other class of blocking agents, since injection of any 
depolarizing blocking agent causes (by ganglionic excitation) a vigorous con- 
tracture of the unexcited nictitating membrane, whereas none of the com- 
petitive blocking agents do this. But the action of nicotine, in which a 
depolarizing is succeeded by a competing action, already indicates that this 
simple test may not reveal the complete picture. It is, further, possible that 
a drug might produce a depolarization of such slow onset that excitatory 
effects were trivial, although the block was due to this depolarization. For — 
the time being, therefore, it appears that an electrical record of the type 
described is essential to the complete study of the mode of any paralysis of 
ganglionic transmission. 

| SUMMARY 

1. Acetylcholine, given in small doses by intra-arterial injection, causes 
a transient depolarization of the ganglion relative to the postganglionic trunk. 

2. In large doses acetylcholine causes further depolarization which is 
accompanied by reduction or abolition of the spike of the ganglionic action 
potential in response to single preganglionic volleys. 

3. These effects are potentiated by eserine. 

4. Tetanic, preganglionic stimulation will produce a depolarization of the 
ganglion, which outlasts the period of tetanization. — 

5. A new classification of ganglionic blocking drugs is introduced. Those 
drugs which cause initial stimulation of the ganglion and block by depolarizing 
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| the ganglion are referred to as depolarizing blocking drugs; those which cause 
\ no initial stimulation and block in the absence of any depolarization are 
referred to as competitive blocking drugs. 

6. Nicotine appears to have a dual action, being aanaly a depolarizing and 
later a competitive blocking drug. 


| 7. Depolarizing blocking agents cause a distortion in the shape of the 
| ganglionic action potential. 


> 8. Eserine, in the absence of preganglionic stimulation, can, in large doses, 
itself produce competitive block. 
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ACTION POTENTIALS FROM THE FROG'S RETINA 
By H. B. BARLOW ; 
From the Physiological Laboratory, University of Cambridge 
(Received 18 June 1952) 


The retina contains three layers of cells, of which only one is directly responsive 
to light. Even histological inspection suggests that the other two layers do 
more than simply pass on the pattern of activity aroused by the light without 
modifying it in any way. The work of Adrian & Matthews (19274, 6, 1928), 
Hartline (1938, 1940a, 6), and Granit (1947), has shown that this is so. The 
pattern of light and shade cast on the retina by the optical system of the eye 
gives rise to a pattern of nerve impulses in the optic nerve, but neither the 
temporal nor the spatial features of this pattern of impulses are accurate 
copies of the pattern of light. The present work was undertaken with the idea 
that these distortions might amount to some integrative action of the nervous 
layers of the retina analogous to the integrative action of the spinal cord 
studied by Sherrington. 

This paper is concerned mainly with the technical problems encountered in 
detecting the electrical activity of single retinal units in the frog’s retina.The 
- results of other experiments with this preparation are described in a second 
paper. Some preliminary results have already been published (Barlow, 1950). 


METHOD 


Preparation. The eyes of partially light-adapted frogs (Rana temporaria and a few R. esculenta) 
were excised and opened. The vitreous was removed and the surface of the retina explored with 
& micro-electrode, similar to those used by Granit & Svaetichin (1939), made of 20 platinum 
wire insulated with a transparent plastic (u.T. cement), and then cut off so that a flat surface was 
presented to the retina. The electrode was moved over the retina with a pantograph type of micro- 
manipulator, and lowered gently onto its surface with a fine adjustment screw. 

Amplifiers, etc. 1t was convenient to lead frcm the emall insulated dish holding the preparation 
to the grid of the first stage of the amplifier, so that the micro-electrode was at earth potential. 
The amplified action potentials were fed to a loudspeaker, and displayed on a cathode ray screen. 
In order to determine the size of the action potentials, a conventional calibrator was inserted 
between the micro-electrode and earth, and the size of the deflections produced by the calibration 
compared with the acticn yotentials. Ihe frequency response of the amplifier is not important in 
interpreting this work, though it was possible to improve the signal/noise ratio by cutting off both 
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high and low frequencies; the extent to which this was done can be judged from the shape of the 
calibration pulses. 

Optical stimulation, The retina was illuminated by a constant background light, and upon this 
a spot of light variable in intensity, size, and position was superimposed. This additional stimulus 
light was turned on for 1 sec every 2 sec by hand, and the response of the retina observed. Fig. 1 
shows the apparatus used to do this. The constant, even, background light is provided by the 
lamp M which illuminates an opal screen O; the objective H puts a defocused image of this screen 
reflected in the half-silvered prism G, onto the preparation J. The main stimulus light is the lamp A, 
which illuminates a condensing lens D, ‘seen’ in Maxwellian view by the objective H ; an image of 
a movable stop of variable size, C, is thus cast on the retina, and it can be varied in intensity by 
the wedge B, and turned on and off by the shutter F. A second stimulus spot was added, when 
required, by inserting the coverslip Z; this reflected light from the lamp K, reduced in intensity 
by the screen L, onto the objective, and an image of the filament was thus cast on the retina. In 
the experiments described in this paper the background illumination was varied from 0-1 to 
0-01 f.c. by the neutral screen N, and a threshold discharge would be produced by a stimulus 
spot 0-2 mm in diameter of the same intensity falling on a sensitive region of the retina. 


G 
H 
ZN = 
Optical ulator. Explana- 2. Circuit for of preparation 
and electrode. Explanation in text. 
RESULTS 


The results reported here concern the characteristics of the potentials picked 
up by the micro-electrode and the general properties of the preparation itself. 


ita Source of noise 
When the electrode is in the vitreous, but not touching the retina, there is 
a low level of electrical disturbance which both sounds and looks like random 
thermal noise. Measurement of the resistance of the electrode immersed in 
saline confirms this, for the amplitude of the disturbance corresponds to the 
predicted amplitude assuming that the only source of disturbance is thermal 
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noise in the electrode and the first stage of the amplifier. Calculation shows 
that the resistance of the electrode is not much greater than that of the 
hemisphere of saline immediately surrounding its tip; the wire and the surface 
contribute a negligible fraction. 

When the electrode is lowered onto the surface of the retina there is an 
increase in the amplitude of this noise. At first this was thought to represent 
some type of biological activity, but the following experiment shows that it is 
caused simply by an increase in the resistance of the preparation. The circuit 
shown in Fig. 2 was set up. The input of the amplifier A is connected to earth 
through the preparation and electrode (HZ) as usual. In parallel with the 
preparation is a potentiometer P and shorting switch S, and these are con- 
nected to earth through the calibrator C. The calibrator gives rectangular 
pulses of 100 or 200 nV. The value of P is adjusted so that 200.V pulses with S 
open give the same deflection on the screen as 100.V pulses with S closed. The 
resistance of P is then measured, and must be close to the impedance of the 
electrode and preparation over the frequency bandwidth of the amplifier. The 
internal resistance of the calibrator C is very low and can be neglected. At the 
same time the level of disturbance on the oscilloscope screen was measured 
with the preparation alone in the input circuit, and again with the potentio- 
meter alone, after this had been adjusted as described. The figures obtained 
are shown in Table 1. Clearly there is an increase of resistance when the 
electrode touches the retina, and this increase is sufficient to account for the 
increased noise. A similar increase also occurs when the electrode tip is 
brought close to a block of Perspex in a saline bath. It can be concluded that 
the base-line disturbances in the absence of stimulation are caused by the 
thermal noise of the resistance of the preparation, and that there is some 
structure in the retina which has a high resistance compared with saline. 


TABLE 1 

Noise (arbitrary units) 
Electrode position Resistance (Q) Observed Calculated 
In vitreous 15,000 8-0 8-6 
On retina 40, 11:8 13-0 
In saline 15,000 8-6 8-7 
On perspex block 23,000 11-1 10-2 

Action potentials 


When the electrode is in the vitreous the only sign of activity that can be 
detected on illumination of the retina is the ordinary electroretinogram. With 
weak stimulation and the amplifier adjusted to a short time constant this is 
barely visible. As soon as the electrode touches the retina and the increase of 
resistance has occurred, two more electrical signs of activity can be picked up 
and differentiated; these have been described by Gernandt (1948). Adjust- 
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_ « regular train of impulses of one or other type to be isolated. Fig. 3 shows 


the region of the retina which must be illuminated to elicit each type. One 
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ments of the intensity, size, and location of the stimulus light sometimes enable 


these two types of action potential on a fast time base, and a diagram indicates 


is a rapid triphasic potential which produces a high-pitched crackle in the 


Fig. 3. Diagrammatic drawing of retina and electrode showing position of stimulus and records 
responses for (inset 1) slow type, (2) fast type of action potential. (3) 1000 c/s time base. 
(4) 20uV positive-going pulse, equivalent to electrode negative-going. 


loudspeaker. It is only elicited by illumination of the region of the retina 
lying roughly on a line from the optic disc produced beyond the electrode. It 
can reasonably be concluded that this type 
nerve fibres passing from peripheral ganglion cells to the optic disc. 

hard to reed sere fi ane this type of potential, and the few that have been 
isolated have failed very rapidly. 

The other type is a rather slower diphasic potential audible as a lower- 
pitched thump through the loudspeaker. This is more often single, and some- 
times of greater amplitude. It is only elicited by light falling within a few 
tenths of a millimetre of the tip of the electrode. This is the type of potential 
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used in the subsequent work, and its site of origin is of considerable importance. 
The location of the receptive field suggests that the potential arises from a 
ganglion cell, or from a point on the nerve fibre very close to the ganglion cell. 
This confirms Granit’s (1947) impression, and fits in with Rushton’s (1949) 
conclusions about the site of origin of these potentials. Rushton also showed 
that a special type of large cell was responsible for the large potentials observed 
in the cat’s retina. The possibility exists that special cells are responsible for 
the potentials in the frog’s retina as well, but the evidence is rather against it. 
In the cat the potentials are large (300-500V) and can be picked up over 
a circle of about 100, radius. In the frog the potentials are usually about 
50yV, and a very small movement of the electrode causes one unit to dis- 
appear, and sometimes substitutes another of a different type. Frequently 
a 20, electrode picks up two or three units of about the same amplitude. In 
the cat there are large cells corresponding to these large potentials. In the frog 
there are a few large cells in the extreme periphery, but the sites from which 
potehtials can be recorded are very much more frequent, and extend inwards 
towards the optic disc much further. With a good electrode a single unit can 
be isolated at almost any place where the electrode is lowered onto the retina. 
It does not appear likely that an unusually large or infrequent type of ganglion 
cell is being picked out by this technique, though it would of course be unsafe 
to assume that the technique detects the activity of all types of ganglion cell, 
or that it yields a fair sample of the types of ganglion cell which can be 
isolated. 

Electrodes varied a great deal in their abilities to pick up isolated units of 
the second type. A good deal of time was spent in trying to decide what 
features were necessary in a good electrode, but the matter was never satis- 
factorily settled. The insulation had to extend to the tip and encircle it com- 
pletely, and the cut surface had to be so orientated that it descended flat onto 
the retina, but many electrodes which apparently fulfilled these requirements 
were nevertheless failures. : 

On first placing the electrode, action potentials were usually picked up 
from several units. With a good electrode adjusted so that the cut surface 
descended flat onto the retina, gently screwing down the electrode usually 
reduced the number of action potentials to one or two. Excessive pressure 
on the electrode made the part of the retina surrounding the tip change colour 
from grey-black to a reddish pink and a further increase usually caused the 
ganglion cells to start discharging rhythmically, often at a high rate. The first 
change in colour was avoided if possible, but some preparations lasted well 
even if there was a slight bleaching round the tip of the electrode. If the 
pressure started spontaneous discharges the preparation failed quickly. 

When there was more than one action potential it was sometimes easy to 
distinguish them by their amplitude or the quality of sound they made, and 
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in these cases attention could be confined to whichever was most easily 
distinguished from the background noise. It was much harder to be certain 
that the same unit was responsible for the action potentials occurring under 
different conditions of stimulation, for example at onset and cessation of 
illumination, or from stimulation of different parts of the receptive field. 
Occasionally increasing the intensity of the stimulus, or changing the area of 
the retina illuminated, showed that two rather similar units were being con- 
fused, but this was comparatively rare, for it was unusual for two units to 
appear the same on the screen, and sound the same through the loudspeaker. 


Characteristics of the discharge 

Of the eighty-nine preparations which gave good single unit discharges five 
(6%) were classified as ‘on’ units, forty-five (50°,) as ‘on-off’ units, and 
thirty-nine (44°) as ‘off’ units. The comparable figures obtained by Hartline 
(1938) were: “on’ 20%, ‘on-off’ 50%, and ‘off’ 30%. The small number of 
‘on’ units in this series is accounted for partly by the fact that they were 
deliberately avoided, but they were only rarely encountered. Some of those 
classified as ‘on-off’ units gave only an ‘on’ discharge when the whole retina 
was illuminated, but gave ‘off’ discharges as well when the stimulus spot was 
confined to the receptive field; such units might have been classified as ‘on’ 
type by Hartline. The proportion of the off and ‘on-off’ types is also slightly 
distorted by the fact that some experiments had to be done on one particular 
type, and in these cases a promising preparation of the other type might be 
rejected. This was not done very often because a good preparation of either 
type was sufficiently rare to be valued quite highly. Two other factors may 
distort the proportions. First, the technique may favour the isolation of one 
type, and secondly the periphery of the retina was used more often than the 
central regions. Taking all these disturbing factors into account it is surprising 
that the percentages of each type isolated agree as well as they do with those 
obtained by Hartline, using a totally different method of isolation. Though it 
is conceivable that both techniques favour the isolation of the larger cells 
with larger nerve-fibres, the agreement adds some weight to the conclusion 
that the types of ganglion cell isolated are not particularly rare or in- 
frequent. 

Hartline’s description of the rate of adaptation of each type of discharge 
has also been confirmed by listening and observing the trace. The ‘on’ type 
gives a maintained discharge which builds up rather slowly. On reducing 
the intensity of illumination there is often a short period of silence before 
impulses reappear at a slower rate. The ‘on-off’ type gives a brief and rapidly 
adapting discharge, especially at high intensities. The ‘ off’ type is intermediate, 
and the discharge often persists for several seconds after extinguishing 
a light. 
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Distribution of ‘off’ and ‘on-off’ units Ls 

‘Off’ and ‘on-off’ units discharge in response to different stimuli, and this 
suggests that they fulfil different functions. The frog’seye is not highly 
mobile, so that a given region of the retina corresponds roughly to a region of 
the visual field fixed in relation to the head. The optic axes of the two eyes 
make an angle of about 110°, and there is a small overlap of visual fields in 
a region close to the midline of the head and in front of the frog, This cor- 
responds approximately to the region of the visual field within which a frog 
will strike at a small moving object; if it is presented elsewhere the frog turns 
towards it, and then approaches to within striking distance before attacking. 
If the suggestion that ‘off’ and ‘on-off’ units have different functions is correct, | 
one might expect them to occur in different proportions in different retinal 
regions, because the frog uses these regions for different purposes. The par- 
ticular region that is likely to be most specialized is the posterior retina, 
corresponding to the anterior visual field, and it was of interest to see whether 
either of these types of unit was particularly common or uncommon in this 
region. | 

Unfortunately the position of the receptive field on the retina was not y 
always recorded, and most of the experiments were done on the dorsal or 
ventral regions. In twelve recent experiments done only on the anterior or 
posterior retina, there were four ‘off’ units and these were all posterior; the 
remaining eight were ‘on-off’ units, and four of these lay in the anterior retina, 
the remaining four being posterior. This suggests that ‘off’ units are more 
commonly found in the posterior retina, and this conclusion is confirmed by 
observing the massed discharge in the optic nerve fibres following illumination, | 
of anterior and posterior retina. If an electrode is placed on the anterior or 
posterior lip of the optic disc, and the anterior or posterior retina is illuminated 
a confused hiss or rattle is heard. The size or intensity of this noise depends 
very much on the exact placing of the electrode, as well as on the intensity of 
illumination, but comparison of the discharges from anterior and posterior 
retina reveals two features which support the idea that ‘off’ units are more 
frequent in the posterior retina. First, the ‘off’ discharge is considerably 
greater than the ‘on’ discharge when the posterior region is stimulated, 
whereas it is only slightly greater when the anterior region is used; and 
secondly the ‘off’ discharge is more prolonged from the posterior region. The 
‘off’ units adapt more slowly than the ‘on-off’ units, so the prolonged ‘off’ 
discharge from the posterior retina also supports the idea that ‘off’ units are 
more frequent in this retinal region. Both these features occur consistently 
and reproducibly, and are not critically dependent on the exact placing of the . 
electrode or the intensity or size of the stimulus light. 
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Dark adaptation 
When an action potential has been isolated, the threshold, under uniform 
conditions, often remains stable for an hour or more, but this is hardly an 
adequate criterion for judging that a piece of nervous tissue cut off from its 
blood supply and exposed to the air is in good condition. It was therefore 
decided to test two characteristic responses of a retina which certainly should 
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Fig. 4. Dark adaptation in an ‘off’ unit. At A the retina was re-illuminated for 5 min. 


occur, and which would give an indication of whether both rods and cones 
were still active. Fig. 4 shows the result of an experiment in which the retina 
was exposed to a bright light for a few minutes, and then placed in total 
darkness, the threshold being tested at intervals. It will be seen that dark 
adaptation occurs, and this may be taken as an indication that the rods are 
capable of something approaching their normal activity. The same can be said 
of the cones, since the Purkinje shift occurs at high levels of illumination. This 
was shown by measuring the threshold with the Ilford ‘spectral’ range of 
filters, and finding that dark adaptation caused a much greater lowering of the 
threshold to blue than to red light. 


Rhythmic activity 
One other type of activity is of interest, though it was not an index of the 
normal state of the retina, but rather tended. to occur when the retina was 
damaged or drying. This was the appearance of spontaneous rhythmic activity 
in the retina. The ganglion cells discharged groups of impulses with a well- 
marked periodicity, and at the same time a slow oscillating potential of the 
PH. OXIX, 5 
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same period appeared. This had many of the characteristics of such potentials 
in other nervous ganglia, such as the optic ganglion of Dytiscus (Adrian, 1931) 
and the human electro-encephalogram, but was much slower. It occurred 
when the retina was left alone, and especially if it was allowed to dark-adapt. 
It stopped if the retina was illuminated, but occasionally it started up again 
even if the illumination was maintained. The normal speed of the rhythm was 
about 90/min and, if the electrode picked up from several cells, a remarkable 
sound, like marching feet, was produced. This waxed and waned as the units 
joined or left the rhythmic discharge. 

This rhythmic activity sometimes made it necessary to abandon an experi- 
ment, for it became impossible to judge a threshold in its presence. More often 
the action potentials got smaller and smaller until they could no longer be 
detected, though usually there was not great change in threshold up to the 
last moment. At other times the threshold became very unstable; it was often 
possible to drive the threshold up by giving a succession of sub-threshold 
stimuli, or to drive it down with supra-threshold stimuli. Occasionally 
preparations showed another type of spontaneous activity. Impulses appeared 
initially at 1/sec or less; the rate increased slowly to a climax, and then 
stopped abruptly, leaving the preparation inexcitable. 

One or other of these events usually stopped an experiment in }~4 hr, but 
there were no other progressive changes up to this point. 


DISCUSSION 

The preparation is very similar to Hartline’s, and though it is inferior in having 
the shadow of the electrode obscuring part of the receptive field, it is almost 
certainly easier to prepare, and appears to last as well as his. There is, however, 
some uncertainty about the source of the action potentials. It does not matter 
very much if the potential is derived from the ganglion cell itself, the fine 
processes of the ganglion cell, the axon hillock, or from the nerve fibre as it 
passes out of the layer of high resistance responsible for the increased electrode 
noise observed when the electrode touches the retina; in any of these 
cases the volley of action potentials would be the same as in the nerve fibre 
leading to the central nervous system. The alarming possibilities are that the 
technique isolates a highly specialized type of ganglion cell, or even a cell in 
the ganglion cell layer which does not send a fibre to the central nervous system. 
This last possibility is very unlikely, because the results fit in well with 
Hartline’s and because action poténtials have occasionally been isolated from 
nerve fibres (Fig. 3.2) and the properties of their discharge are similar to 
those of the potentials commonly isolated. The other possibility has already 
been discussed ; there are no grounds for believing that the units isolated belong 
to a rare or infrequent»type, but, equally, one cannot neglect the possibility 
that there are ganglion cells which cannot be isolated by this technique, and 
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wails is certainly one type—the ‘ on’ unit—which is only rarely isolated. This 
possibility must be remembered, but it does not prevent one from using those 
units which can be isolated. 

The fact that dark adaptation and the Purkinje shift occur is some evidence 
that the retina is in a fairly normal functional state. There was a great deal of 
variation in the time for which preparations lasted, and the cause of this was 
never discovered. Attempts to keep them in good condition for longer periods 
by washing with oxygenated Ringer were complete failures; indeed the addi- 
tion of any Ringer to the vitreous appeared to have a devastating effect, for 
the preparations promptly became inexcitable. 

Though the preparation is unreliable, both because an electrode which 
looked perfectly good often failed to isolate single units, and because an 
apparently good preparation often died before an experiment was complete, 
it was possible, with patience, to use it for the experiments planned. 


SUMMARY 


1, Electrodes similar to those used by Granit pick up three types of 
potential when brought close to the isolated frog’s retina: 

(i) An increased thermal noise, caused by the higher resistance of the 
retina compared with the vitreous. 

(ii) Rapid triphasic action potentials. These are thought to originate in 
nerve fibres, because they are only excited by light falling in the retinal region 
from which the fibres under the electrode are conting. 

(iii) Slower diphasic action potentials. These are thought to originate in 
ganglion cells, because they are only elicited by light falling close to the 
electrode tip. 

2. Units of the third type were isolated which discharged at ‘on’, ‘on and 
off’, and ‘off’. The relative frequencies of occurrence of these units, and rates 


at which their discharges adapted, were approximately as described by — 


Hartline. 
3. ‘Off’ units are more frequent in the posterior retina. 
4. Single fibre preparations show dark adaptation and the Purkinje shift. 


This work was done while I held a Research Studentship, under Professor E. D. Adrian, from 


_ the Medical Research Council. I am also very much indebted to the Medical Research Council 


Neurological Research Unit, Queen Square, who gave me much help with the equipment. 
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SUMMATION AND INHIBITION IN THE 
FROG’S RETINA 


By H. B. BARLOW 
From the Physiological Laboratory, University of Cambridge 
(Received 18 June 1952) 


Ricco’s and Piper’s laws relating threshold intensities and the size of a stimulus 
spot show that there is a mechanism in the visual pathway for summating 
excitatory effects from neighbouring regions of the retina. The area over which 
Ricco’s law holds is certainly greater than the area of a single receptor cell, so 
the summation must be primarily neurological and not simply photochemical. 
Adrian & Matthews (1927 a, 6, 1928) and Hartline (19405) showed that summa- 
tion occurred if a discharge of impulses in the optic nerve was taken as the 
index of activity instead of the subjective sensation of light, so the neuro- 
logical mechanism must lie in the retina. Spatial summation of this sort is an 
aspect of the activity of nervous ganglia which has been rather neglected, for 
obvious technical reasons; the bravest neurophysiologist would hesitate to use 
1000 stimulators to excite his preparation, but the evidence indicates that 
a ganglion cell in the retina picks up from a region containing at least 1000 
receptor cells, It was hoped that Granit & Svaetichin’s (1939) type of single 
unit preparation in the frog’s retina would provide a suitable preparation for 
investigating this summation, using a natural, but nevertheless easily con- 
trollable, stimulus. It was also hoped that something might emerge to indicate 
the reason for the large receptive fields, up to a millimetre in diameter, which 
Hartline demonstrated directly. The whole retina could not have an area 
greater than that of a hemisphere 8 mm in diameter, in which case this single 
fibre would be picking up from 1/128 of the whole retina. In a frog’s retina 
there are about 30,000 nerve fibres (Breusch & Arey, 1942), and close to 
a million receptor cells. It would not be in the least surprising to find one fibre 
picking up from its fair share of receptors, but this would correspond to about 
thirty rods, or a circle of 0-06 mm in diameter, whereas Hartline’s results 
suggest that one fibre connects to a circle at least ten times this size containing 
a hundred times as many receptors. 
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It is certain that there is convergence, and probable that there is overlap, 
in the nervous pathway leading from receptor cells to optic nerve fibres. This 
is reminiscent of the convergence onto ventral horn cells that occurs in the 
spinal cord, and Sherrington’s concepts suggest that the convergence may 
bring about some kind of ‘sensory integration’. At first sight it appears that 
the large amount of convergence, and the resulting overlap of neighbouring 
receptive fields, would ‘blur’ the image transmitted down the optic nerve in the 
same way that overlapping circles of confusion blur an optical image when 
the lens is defocused. Alternatively one might argue that the usefulness of 
the optic nerve as a communication channel would be reduced, for the overlap 
means that the activity of one fibre is no longer completely independent of the 
activity of its neighbour; certain patterns of activity become impossible, and 
the capacity of the channel is reduced. 

The description of the action of the retina given by Hartline is surprising 
from a functional or teleological point of view, and the purpose of the work 
described here was to repeat some of his observations on convergence of 
activity from different retinal regions onto single ganglion cells in the frog’s 

METHOD 

Preparation. The method of obtaining action potentials from single units in the frog’s retina has 

been described in a previous paper (Barlow, 1952). Briefly, a Granit-type electrode is placed on 


the retina in an excised opened eye of a frog. With a good electrode, well-placed, action potentials 
of 30-80 nV amplitude are obtained when the retina is excited. They are of uniform size and have 


the regular rhythm characteristic of single unite. Prepara- 


tions of this sort usually last 1 hr, occasionally 4 hr, and 
during this time have a fairly constant threshold. 

Optical stimulator. This also was described in the previous Cc 
paper. It gave an even background illumination to which was , 
added the stimulus spot controlled by a shutter. The stimulus — Cf 
spot was variable in intensity, size and position. For the ma by 
present work it was necessary to determine the intensities of 
light given by the stimulator, and this was done as follows. 5 

(1) The preparation was replaced by a piece of matt white oe 
paper and the intensity of the constant background illumina- ee 
tion with no neutral screens was measured with an §.E.I. Se 
visual photometer. This level of illumination was taken as the 
standard to which other levels were referred. 
(Fig. 1) was made and fitted to 
a dissecting microscope used for observing the pre- | 
paration. This eyepiece had a thick white card with a *i8- 1. Photometer eyepiece. 4, 
small central hole fitted in its image plane. The card was. °*it pupil; B, lamp; C, reflecting 
illuminated from above, and thus on looking through it one “face; D, white card in image 
saw a white field with a small central spot. The image of the plane with small central hole. 
stimulus spot in the dissecting microscope was arranged to 
coincide with this hole. First, however, the illumination of the top of the card was adjusted 
until it matched the central hole when only the background illumination of the stimulator 
was on. Then the background was switched off, and the stimulus spot turned on and adjusted 
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in intensity with the neutral wedge until the match was re-established. This gave the setting of 
the wedge which produced a stimulus of the intensity background illumination 
whose intensity was already known. 

(3) The wedge of the stimulator was calibrated by inserting Ilford neutral filters in the of 
the light and then rebalancing as before. The neutral filters were calibrated by the maken, and 
this calibration was checked approximately by a photographic method. The calibration of the 
on frog's retina, by finding thet the figure for threshold 
was ys the same whether the stimulus light was reduced in intensity by neutral filters, 
wedge, or by combinations of the two. 


Log. intensity of light 


Distance on retina (mm) : 

Fig. 2. Intensity of scattered light surrounding stimulus spots of three sizes; nominal diameters 

indicated by lines at central points. Two smaller spots are displaced downwards 1 and 2 log. 
units relative to largest. Intensities estimated over region 0-05 mm in diameter. 


(4) The intensity of the side spot was not measured, and the results obtained when using it were 
referred to the threshold level for the spot on the particular preparation used. 

Scattered light. The stimulator did not produce a perfectly defined image of the movable stop 
and the intensity of the halo of scattered light is important. The photometer eyepiece was used, 
to get a reliable estimate. The intensity at the centre of the stimulus spot was measured in the 
way already described; the stimulus spot was then moved through a measured distance and the 
wedge adjusted until the match was restored. In this way the level of illumination surrounding 
a stimulus spot was determined, and the results of runs across the centres of three stimulus spots 
of different sizes are shown in Fig. 2. In order to show up the fringe of scattered light the intensity 
is plotted on a logarithmic scale. It will be seen that the intensity has dropped to 1/100 of its 
peak value within 0-1 mm of the edge. Calculation based on a more extensive plot of the 0-134 mm 
spot showed that 97% of the light fell within a circle of diameter 0-168 mm. 
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It is possible that under the conditions of an actual experiment there will be some additional 
scattering of light in the retina itself. Unfortunately it was difficult to measure intensities around 
the stimulus spot when it was falling on the retina because the intensity of light reflected back to 
the observing microscope was less than 1/100 of that obtained with a white card. The more intense 
part of the spot can, however, be explored by using the eyepiece photometer at threshold level, 
and the results for the 0-134 mm spot are shown in the centre of Fig. 3. It will be seen that the 


focused by placing a cross-wire graticule in the place of the movable stop and observing its image 
on the retina through a binocular dissecting microscope. The preparation was allowed a few 
minutes to recover from the rather bright illumination necessary for dissection, placing the 
electrode, and focusing the stimulator, and then observations of threshold under some standard 
conditions were taken at 5 min intervals or less until a steady level was reached. This usually took 
10-20 min. The procedure for determining threshold was as follows. The shutter was opened for 
1 sec every 2 sec, and the wedge was adjusted until two levels were found, one of which just gave 
a response whilst the other just failed. These two settings were alternated and the stronger was 
taken as threshold. In a good preparation a 10%, reduction in intensity would lower the stimulus 
below threshold, but frequently a reduction of 30 or 40%, was required. Whether the response 
occurred at the beginning or the end of the period of illumination depended on the type of unit 
isolated by the micro-electrode. If thresholds both for ‘on’ and for ‘off’ were needed in an ‘on-off’ 
fibre the lower threshold was taken first. 


RESULTS 

The results are divided into three sections. The first deals with the size of the 
receptive fields of the ganglion cells—that is the extent of the region described 
by Hartline within which incident light excites the ganglion cell. The second 
deals with the way in which a ganglion cell combines, or summates, effects 
contributed from different areas within this region. It was naturally thought 
that retinal areas outside the receptive field would not affect the ganglion cell, 
but this turned out not to be so in ‘on-off’ units, and experiments showing 
this effect are also described in the second section. The third section describes 
observations on the movement sensitivity of ‘off’ and ‘on-off’ units. © 


Size of receptive fields 

Hartline (1940a) found receptive fields measuring up to 1 mm in diameter 
in the periphery of the frog’s retina, and receptive fields as large as this were 
frequently found in these experiments if an exploratory spot many times 
stronger than threshold was used. In one of Hartline’s experiments moving 
the spot from 0-19 to 0-38 mm from the centre of the receptive field raised the 
threshold by a factor of 10,000. Since the centre is so much more sensitive 
than the peripheral fringe the diameter of the central plateau is a better 
indication of the overlap of receptive fields and the consequent ‘blurring’ of 
the sy The sensitivity of different parts of the receptive field was therefore 
explored. 

Fig. 3 shows how the threshold changed as the stimulus spot was moved 
across the centres of the receptive fields of three ‘off’ and three ‘on-off’ fibres. 


scattered light is only slightly increased. 
Procedure. A single unit was isolated, and the preparation so placed beneath the stimulator 
that the light fell normally on the region surrounding the electrode tip. The stimulator was then 
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| | Log. sensitivity (log. of reciprocal of threshold intensity) has been plotted as 
abscissa, and it will be seen that there is a plateau of high sensitivity 0-3-0-6 mm 


in diameter in all of them. Such a distribution of apparent sensitivity might 
be obtained if a large exploring spot was moved over a small receptive field; 
the distribution of light round the exploring spot is shown in the centre of this 
figure, and it will be seen that it might cause an increase of the apparent size 
of the central plateau of only the smallest receptive fields. 


Off’ units ‘On-off’ units 
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Fig. 3. Receptive fields of three ‘off’, and three ‘on-off’ units. Intensity of background 
in foot-candles and approximate location of unit on the retina are indicated. 


The six receptive fields plotted include the smallest (middle, ‘off’ type), and 
the largest (top, ‘on-off’ type) that were obtained. On the whole the smaller 
receptive fields were found in the more central regions of the retina, and the 
approximate positions of those plotted here are indicated as a fraction of the 
: ’ total distance from optic disc to extreme periphery in the indicated direction. 
» It was extremely difficult to isolate ganglion cells in the most central region , 

of the retina, so that it was not possible to investigate this point further. 

In each diagram the intensity of the background light is given in foot- 
candles, and a line is drawn to indicate the sensitivity level at which the 
+ exploring spot would have an intensity equal to the background. In most 
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cases the plateau does correspond to approximately this sensitivity, and in 
these cases the Weber fraction (AJ/J) is 1. If a larger stimulus spot were used 
the Weber fraction would, of course, be reduced to a more normal figure. 

In addition to the type of experiment shown in Fig. 3 contours of equal 
sensitivity have been determined in some receptive fields, and complete maps 
of sensitivity in others. These showed that the fields were circular or slightly 
eliptical. It was remarkable how little these experiments appeared to be upset 
by the shadow of the electrode and the meniscus where it left the vitreous, but 
it is possible that some of the irregularities in sensitivity in the plateaux are 
the result of such disturbances. 

So far this confirms Hartline’s findings. The receptive fields are large—up to 
-1 mm in diameter in the periphery if a strong stimulus is used. They have 
a central plateau where the sensitivity is much higher and this varies in 
diameter from about 0-6 mm in the periphery of the retina down to 0-2 mm 
nearer the centre. There were, however, some additional findings. Fig. 4 shows 
the receptive field of an ‘on-off’ fibre from Rana esculenta. The threshold for 
both ‘on’ and ‘off’ responses was determined at each point, and it will be seen - 
that there is no difference in sensitivity at the centre and at the extreme 
periphery. In the intermediate zone, on the other hand, the sensitivity for 
‘off’ (circles) is a hundred times the sensitivity for ‘on’ (crosses). The reverse 
has also been. observed in Rana esculenta, some receptive fields having an 
intermediate zone where the threshold for ‘on’ is lower than for ‘off’. In Rana 
temporaria the thresholds for the two responses are usually closer together. 

One further observation on the shapes of receptive fields was made. This 
arose accidentally from imperfections in an early version of the stimulator. 
The exploring spot of light it produced had a wide and intense flare of partially 
scattered light surrounding the image itself. When the receptive fields were 
explored in the usual manner with this stimulator, there was a definite 
tendency for the ‘off’ fibres to have a sharp peak of high sensitivity at the 
centre of the receptive field, whereas the ‘on-off’ fibres had a relatively broad, 
flat top. This finding could not be repeated with the improved stimulator, but 
it is satisfactorily explained by the inhibiting action of light falling just 
outside the receptive field; this affects ‘on-off’ but not ‘off’ units, and is 
described later in this paper. 


Summation of activity within a receptive field 
A ganglion cell is in functional connexion with a large number of receptor 
cells, and it is natural to ask how effects transmitted from these cells are 
summated by the ganglion cell. Hartline found that the discharge of an optic 
nerve fibre was determined by the quantity of light falling in its receptive 
field (Ricco’s law). It made little difference if the light was concentrated on 
one or two receptor cells or if it was spread out over many. It is clear that there 
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must be a mechanism for summating effects from separate regions of the 
receptive field, even if the effects are subliminal. The present work again 
confirms this result for threshold stimuli, but particular attention was paid to 
some possible criticisms of Hartline. It is clear that the threshold must 
necessarily be inversely proportional to the nominal area of the stimulus spot 
if the spot is so small that it is not resolved by the optical system used, for 
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Fig. 4. Receptive fields for ‘on’ (crosses) and ‘off’ (circles) response in an ‘on-off’ unit from retina 
of Rana esculenta. 

Fig. 5. Radius/sensitivity relation in an ‘ off’ and an ‘on-off’ unit. Arrows indicate, for each curve, 
the sensitivity corresponding to a stimulus of intensity equal to the background, and the 
number gives the intensity (f.c.) of the background. . . 


changing the nominal size would then only change the intensity of light falling 
on the retina, without appreciably changing the spatial distribution. This 
criticism would only apply-to the smallest spots used by Hartline, but his 
largest spot had a radius of only 180, and his experiments do not, therefore, 
prove that there is summation over the whole receptive field of the ganglion 
cell. The smallest spots were not used in these experiments, but the largest 
spots extended well beyond the receptive field, and this revealed an interesting 
new effect. | 

Fig. 5 shows the results of two experiments, one on an ‘off’ unit, and the 
other on an ‘on-off’ unit. Log. sensitivity (log. 1/threshold) is plotted against 
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log. radius of spot. Logarithmic scales are necessary because of the wide 
range of values covered. An arrow shows the sensitivity which corresponds to 
a stimulus of the same intensity as the background. Two threshold determina- 
tions were made at each radius, one set being in order of increasing size, and 
the other decreasing. 

In this method of plotting a line of slope +2 indicates S=1/T ocr* where S is 
sensitivity, 7’ is threshold intensity, and r is radius of stimulus spot. The early 
part of each curve follows this relationship fairly closely, and the deviations 
from it may not be more than can -be accounted for by experimental error. 
One source of consistent error should be pointed out. The stimulus spot at 
small radii is sometimes almost a hundred times the intensity of the back- 
ground illumination. Light-adaptation is therefore likely to occur, and the 
measured sensitivity will therefore be lower than it should be. It was not 
possible to wait longer between stimuli because of the limited life of the 
preparations. This type of error may be responsible for the lines tending to have 
a slope greater than +2. When the radius of the stimulus spot exceeds 0-1 mm 
the curves start/deviating from each other significantly. The curve for the ‘off’ 
fibre goes on rising, at a rather slower rate, up to a radius of stimulus spot of 
0-4 mm, and thereafter shows a slight tendency to fall. The curve for the 
‘on-off’ fibre only increases up to a radius of 0-25 mm, and thereafter falls 
rapidly. 

The similarities and differences between the curves for each type can be 
summarized as follows: 

(1) Up to about 0-1 mm radius of spot both types require an approximately 
constant quantity of light for threshold. 

(2) From about 0-1 to about 0-25 mm radius both types require an increasing 
quantity of light for threshold, but the intensity required is still decreasing. 

(3) From 0-25 to 0-1 mm radius the ‘off’ units require an approximately 
constant intensity of light, but the intensity required to stimulate the ‘on-off’ 
units increases rapidly. 

The same general features were usually observed, but there is quite a big 
variability in the points at which the curves change direction. The sensitivity 
of ‘off’ units never showed a marked tendency to decrease at large spot radii, 
and this has been true for all the ‘off’ units investigated. In some cases the 
slope over the initial part of the curves was much less than +2, and this was 
traced to faulty centering of the stimulus spots on the receptive field. Some 
‘on-off’ units, however, showed a low slope over the early part which could 
not be attributed to this cause. Some of the ‘on-off’ units have failed to show 
the decrease at large radii, but a possible explanation of this is given later. 

The decrease in sensitivity at large radii which is usually found in the 
‘on-off’ units implies inhibition, whereas the curves for ‘off-units’ suggest 
only simple summation, and this type will be considered first. 
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‘Off’ wnats. Inspection of Fig. 5 shows that the point on the radius/threshold 
curve where a further increase in spot size ceases to affect the threshold 
intensity corresponds to a radius of 0-4 mm. This suggests that as soon as the 
whole receptive field is covered by the spot a further increase of spot size 
ceases to affect the ganglion cell. The slope of the curve starts to decline at 
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Fig. 6. Observed radius/sensitivity relation (1 and 3), and relation calculated from 
map of receptive field (2) in an ‘off’ unit. 


a radius of about 0-2 mm; this might correspond to the point at which the spot 
starts to encroach on the less sensitive peripheral fringe of the receptive fields. 
This amounts to the hypothesis that the sensitivity observed when any region 
of the retina is illuminated at a uniform intensity will be the sum of the 
sensitivities of the small parts of the retina included in the region illuminated. 
If this was so, the area/sensitivity relation of Fig. 5 should be predictable 
from a complete map of the sensitivity in the receptive field. 

Fig. 6 shows an experiment designed to test this. First the centre of a well 
isolated unit was located, then the threshold for the series ‘of stimuli of 
different sizes centred on this point was determined (curve 1). A complete 
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map of the receptive field was next made, using a spot 0-133 mm in diameter 
moved in steps of 0-114 mm. The complete area/threshold set was then repeated 
(curve 3). From the map of the receptive field the sensitivities for spots of 
different sizes was calculated by drawing a circle of appropriate size on the 
map, and adding up the sensitivities of the regions included. It was assumed 
that sensitivity was proportional to area for spots below the size of the 
exploring spot, and for fractional areas included by spots of larger size. This 
is shown in Fig. 6 (curve 2) and it will be seen that the observed sensitivities 
exceed the calculated one by quite a wide margin with spots of large size, but 
with small spots the agreement is satisfactory. The observed and calculated 
curves bend over at very nearly the same values, indicating that the assump- 
tion that this flattening is caused by the stimulus spot first spreading to the 
fringe of reduced sensitivity, and then right off the receptive field, is probably 
correct. 

The discrepancy between observed and calculated sensitivity with large 
spots appears to be genuine. Only two experiments of this type have been 
successfully completed because they require about 3 hr, and only a small 
proportion of preparations last as long as this. The other successful one showed 
a slightly smaller discrepancy, and there has been evidence of it in incomplete 
experiments. There are, of course, innumerable modifications of the original 
assumptions which would enable one to obtain a fit well within experimental 
error, but there is no emperimental or theoretical evidence to decide which is 
appropriate. Empirically it is found that calculations based on the assumption 
that the effects contributed to the ganglion cell are not strictly proportional 
to intensity of light but to the 0-83 power of intensity, give a remarkably good 
fit over the whole range of values The assumption of linear addition can also 
be modified to yield the same result. — 

These experiments show that an ‘off’ ganglion cell summates subliminal 
effects contributed from all its receptive field, but there is evidence either that 
the effects are not quite proportional to intensity, or that the summation is 
not quite linear. 

‘On-off’ units, It is immediately obvious from the results shown in Fig. 5 
that ‘on-off’ units possess an inhibitory, or subtracting, mechanism in addition 
to the summating mechanism found in ‘off’ units; there is no other explana- 
tion for the fact that adding an annulus to the stimulus spot reduces the 
sensitivity The experiments described here were designed to clarify this effect. 
Fig. 7 shows for an ‘on-off’ unit an experiment of the type just described 
for ‘off’ units. Curves 1 and 3 are the observed sensitivities determined before 
and after the mapping of the receptive field. Curve 2 is the sensitivity 
calculated from the map on the basis of linear summation of sensitivities. The 
divergence between the two experimental curves is uncomfortably large, but 
the main points stand out clearly enough. There is nearly complete summation 
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for spots below 0-1 mm radius. From this point onwards the experimental 
points lie below the calculated points, and from 0-4 mm radius onwards the 
sensitivity decreases as the spot size increases. It will be seen from curve 2 
that the maximum sensitivity occurs when the spot just covers the receptive 
field, but does not overlap the surrounding retina. When the surrounding 
retina is excited together with the receptive field, the sensitivity is decreased. 


Log. radius (mm) 
Fig. 7. Observed radius/sensitivity relation (1 and 3), and relation calculated from 
map of receptive field (2) in an ‘on-off’ unit. | 


This shows that the inhibitory effect is elicited by light falling on that part of 
the retina which immediately surrounds the receptive field of the ‘on-off’ unit; 
if a portion of retina has an excitatory action on the ganglion cell (i.e. lies 
within the receptive field) it does not have an inhibitory action when other 
parts are excited with it. The observed sensitivity is less than the calculated 
sensitivity (in contrast to the ‘off’ units) when the spot is large but lies 
entirely within the receptive field, and the reason for this is not clear. 

Other experiments of this type confirm these conclusions. In particular, the 
maximum observed sensitivity was always lower than the maximum 
calculated sensitivity, but decreasing sensitivity did not occur until parts of the 
retina lying outside the receptive field were illuminated. Some experiments 
on ‘on-off’ units did not show the decrease of sensitivity at large spot sizes, 
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but in these cases the unit often gave only an ‘on’ or an ‘off’ response 
with a large spot, whereas a smaller centrally-located spot gave both at 
threshold intensities. It was usually the custom to measure only the lower 
of the two thresholds (for ‘on’ or for ‘off’) in order to avoid fatiguing the 
preparation, and it is possible that the higher of the two thresholds would have 
increased more at large diameters. Fig. 8 shows an ‘on-off’ unit in which both 
thresholds were measured. In this case the ‘off’ response had a lower threshold 
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Fig. 8. Radius/sensitivity relation for ‘on’ (crosses) and ‘off’ (circles) 
responses in an ‘on-off’ unit. 


with small spots, they had about the same threshold for medium-sized spots, 
and the ‘on’ threshold was lower with large spots. This complex type of 
behaviour has not been further analyzed, but it is probably related to the 
results shown in Figs, 4 and 11. 

The existence of the inhibition is shown more directly by the experiment 
illustrated in Fig. 9. One spot of light was centered on the receptive field, and 
adjusted in intensity until it always gave a volley of impulses both when the 
light was switched on and when it was switched off. A second spot, turned on 
and off with the first, was then placed about 1 mm from the centre of the 
receptive field; it was at an intensity 1000 times above its threshold, measured 
when it was located on the centre of the receptive field, but when moved off 
to the point 1 mm away it gave no response at this level, nor at any lower level. 
Fig. 9 shows the result of turning both spots on and off together, and the result 
of turning the central spot on and off alone. The peripherally-placed spot 
clearly decreases the discharge elicited by the centrally-placed spot, and the 
suspected inhibition is shown directly. 

Summation within the receptive field was found to approximate to the 
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linear addition of subliminal effects from all over the receptive field, the | 
amount contributed by each part being approximately proportional to its 
sensitivity and to the intensity of light falling on it. The next experiments 
were designed to see if the inhibitory phenomenon approximated to the sub- 
traction of an effect proportional to the intensity of the light. Two spots of 


Fig. 9. Discharge produced by central spot inhibited by side spot turned on and off with it. 
Top: centre spot alone. Bottom: centre and side spots. Time marked on records, 0-2 sec. 


light, one in the receptive field, and the other in the inhibitory fringe, were 


turned on and off together; the threshold intensity of the central (excitatory) 


spot was measured with the peripheral (inhibitory) spot at different intensities. 

Fig. 10 shows the result of such an experiment. The central spot was the 
0-067 mm radius spot normally used for exploring the receptive fields. The 
peripheral spot was the side-light of the stimulator (see Barlow, 1952), and 
was the image of an electric filament which measured 0-3 x 0-04 mm on the 
retina; this was first placed centrally on the receptive field and the threshold 
determined. It was then moved to a point 0-7 mm from the centre. This 
peripherally-placed spot was turned on and off together with the centrally- 
placed one, and the threshold was determined by adjusting the intensity of 
the central spot. Thresholds were determined with the side spot set to deliver 
stimuli of intensities up to 1000 times the intensity required to excite when 
the side spot was centrally placed, but by itself it never produced a response 
when peripherally placed. The ordinates are the threshold intensities of the 
centre spot plotted as a multiple of its ‘off’ threshold without the other spot. 
The abscissae are the intensities of the side spot, plotted as a multiple of the 
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‘off’ threshold intensity of this spot when it was centrally placed. The lines 
are drawn through the points for the ‘off’ response, one run being done in each 
direction. The errors for the upper points are large, but a straight lin® of slope 
0-011 gives a reasonable fit. 
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Fig. 10. Threshold intensity of centre spot (Y), as multiple of its threshold alone, plotted against 


_ intensity of side spot (X) expressed as multiple of its threshold when it is centrally placed. 
‘On-off’ unit, off response. Side spot is 0-7 mm from centre of receptive field. 


If Y is the quantity plotted as ordinate, and X the quantity plotted as 
abscissa, then Y=1+0-011X, or Y—0-011X=1, expresses the threshold 
condition of this ganglion cell under these particular conditions. This corre- 
sponds to the linear subtraction of a quantity proportional both to the 
intensity of the ight and to a quantity which might be defined as ‘inhibitory 
sensitivity’. An ‘inhibitory sensitivity’ thus behaves like a negative 
sensitivity, and it could then be said that the sensitivity of a ganglion cell 
declines to zero at the edge of its receptive field, and then assumes negative 
values. The actual value of the negative sensitivity observed at 0-7 mm from 
the centre of the receptive field in this experiment is of the right magnitude 
to account for the decrease of sensitivity with large spots observed in the 
area/threshold experiments. 


: 
i 
™ 
4 
* ‘ 
j 
4 
vy 
‘ 


SUMMATION AND INHIBITION IN RETINA 83 


"> Fig. 11 shows an experiment similar to the last one, in which the threshold 
»| for both ‘on’ and ‘off’ responses was measured. It will be seen that there was 
| _ about the same amount of inhibition of the ‘off’ response by the peripheral 
spot, but a very much smaller inhibition of the ‘on’ response. Such a ganglion 
» — cell gives practically no ‘off’ response to a large stimulus, because it is almost 
. completely inhibited by the light falling on the inhibitory fringe, but the ‘on’ 
| fesponse is vigorous because it is not inhibited. The results of these 
id experiments on ‘on-off’ units can be summarized by saying that, as well 
| as the summating properties of ‘off-units’, they possess an inhibitory, or 
| subtracting, mechanism actuated by light falling outside the receptive field. 


Intensity of centre spot 


400 600 
Intensity of side spot 


Fig. 11. ‘On-off’ unit, both responses. Side spot displaced 0-8 mm. ‘Ordinates and abscissae 
as in Fig. 10. The ‘off’ response is more powerfully inhibited than the ‘on’ response. 


‘ Movement sensitivity 
There is an easily detectable difference between the responses of ‘off’ and 
‘on-off’ units to moving stimuli. The ‘off’ units discharge whenever the total 
amount of light reaching the receptive field is reduced. This can be done by 
turning off, or reducing the intensity of, a patch of light that covers the whole 
or part of the receptive field, or by moving a spot of light into a less sensitive 
region, or by moving a darker patch onto a more sensitive region ; the resulting 
( discharges are always similar, though they are more prolonged if the stimulus is 
_ prolonged by, for example, slowly and continuously reducing the intensity of 
illumination. This type of behaviour is exactly what one would expect if the ‘ off’ 
type of ganglion cell responds only to the summated effects of light falling all 
over the receptive field, and is unable to differentiate in any way between the 
contributions from the different parts. The same is not true of ‘on-off’ units 
These respond to all the types of stimulation already mentioned, and also to the 
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opposite types which result in an increase in the summated amount of light 
in the receptive field; but they also respond to a change in the spatial pattern 
of light even if this does not alter the total amount of light falling on the 
receptive field. It is difficult to be sure that this isso, for it is not easy to find 
even a limited region of the receptive field within which the sensitivities to 
both ‘on’ and ‘off’ are constant, but occasionally both are fairly constant, and 
even then an ‘on-off’ unit will respond vigorously to movement of a small spot 
of light within this region if it is only a few times threshold intensity. Any 
attempt to explain this behaviour would require an analysis of the temporal 
characteristics of excitability, and this has not been attempted ; it was observed 
qualitatively that there was great variability in the rate of adaptation of 
supra-threshold discharges elicited by a small stimulus in ‘on-off’ units, whereas 
discharges of ‘off’ units always adapted at about the same rate. This, together 
with the fact that there is both an ‘on’ and an ‘off’ discharge and the thresholds 


for each tend to vary even in the central plateau, may account for the greater 


movement sensitivity of ‘on-off’ units. 
DISCUSSION 


The results described are in good agreement with those of Hartline. The 
receptive fields of the units isolated by this technique measure up to 1 mm in 
diameter in the periphery of the frog’s retina. The region of high sensitivity in 
the centre of the receptive field is smaller, about 0-5 mm in diameter. Some 
indication was obtained that the receptive fields of units lying in the more 
central regions of the retina are smaller, but it was, unfortunately, very 
difficult to isolate the more central-units.. The reason for this is not clear, but 
it may simply be that the layer of nerve fibres, which is denser near the optic 
disc, prevents the electrode from approaching close enough to the ganglion 
cell 


Reasons have been given elsewhere (Barlow, 1952) for believing that the 
units isolated by this technique in the frog do not belong to any particularly 
_ rare or unusual class of ganglion cell. If this is accepted, then each receptive 
field must overlap with about eighty other receptive fields. Because it is 
uncertain that the potentials are from typical units, one is on safer ground 
when talking about convergence. Simply from the numbers of ganglion cells 
and receptor cells, there must be at least a 30 to 1 convergence; in fact it 
_ appears that the units isolated pick up from a region containing 2000 receptors, 
though it cannot be shown that all of these receptors connect functionally with 
the ganglion cell. 

The experiments showing summation of subliminal effects from all over the 
receptive field confirm the conclusions that could be drawn from indirect 
experiments such as those of Adrian & Matthews, and the direct ones of 
Hartline. It is very remarkable that a simple nervous structure, consisting of 
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a single ganglion cell connecting through bipolar cells with a number of 
receptor cells, can perform an addition sum with tolerable accuracy. The 
smallest spots in the area/threshold experiments are illuminated at an intensity 
1000 times higher than the largest spots, and it therefore appears that the 
effects contributed by the receptors can be graded over this very large range. 
At first sight it appears most unlikely that this could be done by the trans- 
mission of all-or-nothing impulses, but there are two considerations which 
make it less unlikely. In the first place, nothing whatever is known about the 
relation between the quantity which is transmitted and the intensity of the 
light. It is true that the quantity which is summated is approximately pro- 
portional to the light intensity, but this could be so for many functional rela- 
tions between intensity and transmitted quantity if the inverse operation was 
performed before the quantities were added. Secondly, one could account for 
the summation on a hypothesis involving probabilities; this is perhaps best 
illustrated by an example. If a cell discharges when ten impulses reach it 
along any of, say, 1,000,000 possible channels, and if the probability of an 
impulse arriving along any single channel is directly proportional to the 
intensity of light falling on the part of the retina it comes from, then the 
observed behaviour would be accounted for. Clearly one cannot make any 
progress without being able to observe activities in structures lying between 
the ganglion cell and the receptors. 

The inhibitory action of light falling outside the receptive field of ‘on-off’ 
fibres has not been described before. It is not surprising that it has not been 
observed in threshold experiments on man, for any units which were un- 
inhibited would have lower thresholds, and would therefore be responsible for 
the threshold. Simultaneous contrast effects are presumably caused by an 
inhibitory mechanism similar to the one described; a white spot surrounded 
by black looks brighter (more impulses) than a white spot of the same intensity 
surrounded by grey, because the grey falls on the inhibitory fringe of the 
ganglion cells, and so inhibits their discharge (causes fewer impulses). 

Hartline did not observe inhibition because his stimulus spots did not 
extend outside the receptive field. It may, however, be related to the inhibi- 
tion he observed at high intensities. He found that the number of impulses 
increased with intensity at low intensities; it then reached a maximum, after 
which the number of impulses decreased with further increase of intensity. This 
could be accounted for by the excitatory mechanism from the receptive field 
overloading, or failing to respond linearly, at a lower intensity than the 
inhibitory mechanism. It is probably also related to the various forms of 
temporal inhibition postulated by Granit (1947); his experiments were done 
with large stimuli which would cover both excitatory and inhibitory regions 
of the retina, and the results he observed would represent the excess of the 
excitatory over the inhibitory process. He distinguished between them by 
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their temporal characteristics and there is at least a chance that all the 
inhibitory effects result from light falling outside the receptive field. 
There are, however, some facts which show that the ‘on-off’ units are more 
than simple ‘off’-units with an additional inhibitory mechanism. In the first 
place they discharge at ‘on’ as well as ‘off’; secéndly, they do not summate 
completely over large areas (compare Fig. 7 and Fig. 6); and thirdly, they have 
a greater sensitivity to movement than could be accounted for on this idea. 
The fact that they can resolve movement within their receptive fields helps to 
explain the paradoxical combination of an efficient optical system producing 
a sharp optical image and overlapping receptive fields producing a ‘blurred’ 
pattern of activity in the optic nerve: clearly the sharp optical image may 
help in the detection of movement within the receptive field. 
The type of discrimination achieved by the ‘on-off’ units is also interesting 
in considering colour discrimination, The ‘on-off’ unit connects to the receptors 
in such a way that moving a light from one lot of receptors to another in 
a different part of the receptive field causes a discharge. If it makes analogous 
connexions to receptors which differ, not in position, but in spectral sensitivity, 
then it would discharge when the colour of a light was changed. This would be 
useful, for it would enable a moving object to be detected when it only differed 
from the background in colour, and it would be a true colour discrimination, 
for it would hold for all relative intensities of the two colours, but it would be 
missed in behaviour experiments of the conditioned reflex type designed to 
detect colour vision. 
There is a great deal of convergence from the level at which light is detected 
to the level at which the resulting neurological activity is transmitted back to 
the central nervous system. In Sherringtonian language, an optic nerve fibre 
is the final common path for activity aroused over a considered region of the 
retina, and if some purposive integration has taken place it should be possible 
to relate this to the visual behaviour of the frog. According to Yerkes (1903), 
the frog uses its eyes mainly in feeding; it also escapes from large moving 
objects, but it does not use visual cues in orientating itself in its habitat. When 
feeding, its attention is attracted by its prey, which it will approach, and 
finally strike at and swallow. Any small moving object will evoke this 
behaviour, and there is no indication of any form discrimination. In fact, 
‘on-off’ units seem to possess the whole of the discriminatory mechanism 
needed to account for this rather simple behaviour. The receptive field of an 
‘on-off’ unit would be nicely filled by the image of a fly at 2 in. distance and 
it is difficult to avoid the conclusion that the ‘on-off’ units are matched to 
this stimulus and act as ‘fly detectors’. 

It was shown previously that ‘off’ units are most frequently found in the 
posterior retina. This is the retinal region on which the image of a fly will fall 
when the frog has located it and turned towards it. The frog now needs 
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accurate information about the exact position of the fly, and it is possible that 
the ‘off’ units are adapted to do this. At first sight one is inclined to think 
that a large receptive field would be unsuitable for locating objects accurately, 
but this is only so if one is considering objects whose image on the retina is 
smaller than the receptive field. A population of ganglion cells with over-lapping 
receptive fields of the same size as the expected image is a neat method of 
judging the centre of a large object, for there will be a single, unique, ganglion 
cell whose field is completely filled by the image, and which will, therefore, be 
maximally excited; if the receptive fields were either larger or smaller there 
would be several ganglion cells completely enclosing, or completely covered 
by the image. A dark fly 6 mm long at a distance of 2 in. would give an image 
exactly filling a receptive field 0-3 mm in diameter in a frog with posterior 
nodal distance 2-5 mm and this fits in with the idea that off units are position 
indicators for flies darker than their backgrounds. There is one other property 
of ‘off’ units which is worth pointing out. If a fly is moving, the greatest ‘off’ 
activity will le ahead of the centre of the fly’s image on the retina, for the 
illumination of receptive fields of ganglion cells in front of the fly will be 
decreasing, whereas, for those behind it, it will be increasing. Hence the region 
of greatest ‘off’ activity indicates the future position of the fly, not its present 
position. This would help to compensate for the reaction time of the frog, but 
it is doubtful if the compensation would be exact, except under very special 
conditions. 

Perhaps the idea of sensory integration has been pressed too far, but the 
distortions introduced by the retina seem to be meaningful ; the retina is acting 
as a filter rejecting unwanted information and passing useful information. 


SUMMARY 
1. Units isolated by Granit’s technique in the isolated frog’s retina have 
receptive fields with a central peatian, of high sensitivity 0-2-0-6mm in © 
diameter. 
2. In some units the sensitivities for ‘on’ and ‘off’ responses are not similarly 

‘Off’ units summate subliminal stimuli over the whole of their oo ot 
lin but are unaffected by light falling outside it. 

‘On-off’ units summate subliminal stimuli over their repapaiva fields, 
va rather less completely than ‘off’ units. Light falling outside the receptive 
field has an inhibitory action. 

5. The amount of inhibition produced, measured by the rise in threshold of 
a central spot of light, is proportional to the intensity of the light falling 
outside the receptive field. 

6. The amount of inhibition is often different for ‘on’ and ‘off’ responses 
in an ‘on-off’ unit. There is no such inhibition in pure ‘off’ units. 
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7. Possible functions, related to the visual behaviour of the frog, are 
suggested for ‘off’ and ‘on-off’ units. 
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When normal blood is taken into a glass tube it clots in from 5 to 10 min. This 
. clotting is presumably due to a thromboplastin contained in the blood, since 
significant admixture with tissue thromboplastin can be avoided. From the 
fact that the blood does not normally clot within the vessels it may be inferred 
that intrinsic blood thromboplastin is either very feeble or exists in an inactive 
form. 

The existence of an inactive precursor of blood thromboplastin was postu- 
lated by Collingwood & MacMahon (1912), who called it ‘prothrombokinase’ 
* and believed that it was derived from the platelets. Macfarlane (1942) sug- 
gested that a plasma factor and a lipoid reacted together on contact with © 
a foreign surface to produce active thromboplastin. Quick (1947) and 
Brinkhous (1947) both carried out experiments suggesting that thromboplastin 
was produced by the interaction of the platelets with ‘antihaemophilic 
globulin’, the plasma factor that is lacking in haemophilia. Quick (1947) has 
( called this plasma factor ‘thromboplastinogen’ believing it to be the precursor 
of thromboplastin, and that it is activated by platelets. 

A number of attempts have been made to verify these suppositions by the 
actual isolation of thromboplastin from blood; the results have suggested that 
blood thromboplastin is of feeble activity. The platelets were found by Ware, 
4 Fahey & Seegers (1948) to contain ‘only a small amount of thromboplastin, 
if any’. Antihaemophilic globulin alone has no thromboplastic action. By 
mixing platelets with antihaemophilic globulin Ferguson (1949) and Shinowara 
(1951) were able to produce thromboplastic activity, but it was considerably 
less than that of tissue extracts. This finding is apparently in keeping with the 
long normal clotting time of 5-10 min, as compared with the clotting time of 
) 12-15 sec that occurs when an optimum amount of tissue thromboplastin is 
added to the blood. From the dilution curve of such tissue thromboplastin it 
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can be deduced that the untreated blood clotting time of 5-10 min is the result 
of a thromboplastic activity of not more than a 1/100,000 dilution of the 
optimum tissue extract. Most workers have therefore assumed that the 
activity of blood thromboplastin is weak. This assumption, which has many 
implications in the interpretation of clotting defects in disease, will be seen 
to be fallacious. 

When blood is placed in a glass tube and the concentration of thrombin 
therein is determined at intervals it is seen that during the first few minutes 
no thrombin appears; then there is a sudden generation of thrombin which 
causes rapid clotting and a steeply rising thrombin concentration followed 
by a decline in concentration as inactivation by antithrombin overtakes the 
rate of thrombin formation (Biggs & Macfarlane, 1952 and unpublished data). 

These observations do not support the usual concept of the presence of 
a feeble thromboplastin which causes slow thrombin formation over a period 
of several minutes; they suggest rather that thromboplastin does not appear 
until just before clotting. Since the rate of thrombin generation is as rapid 
in untreated blood as it is when the optimum amount of tissue extract is 
added, it seems likely that the intrinsic blood thromboplastin, once formed, 
is as potent as the most active tissue preparation available. The relatively long 
clotting time of normal blood is probably an index of the delay in thrombo- 
plastin generation, rather than of thromboplastin activity, and the short 


clotting time produced by added tissue extracts containing pre-formed 


thromboplastin is due to the avoidance of this delay. 

These observations have stimulated an attempt to demonstrate this potent 
thromboplastic activity of the blood by a new technique. To obtain conclusive 
results the components essential for thromboplastin formation must be 
separated from blood, shown to be free from prothrombin, and, after their 
interaction, the activity of the product must be tested by its ability to clot 
normal plasma. 

From previous work several probable components can be named. Platelets 
are likely to be essential because citrated plasma entirely free from platelets 
will not clot on recalcification and, in plasma poor in platelets, prothrombin 
is converted to thrombin very slowly. The so-called antihaemophilic globulin, 
associated with the fibrinogen fraction of normal plasma is probably also 
necessary because haemophilic blood, which lacks this factor, shows a great 
delay in prothrombin conversion. A third factor, called ‘factor VII’ (Koller, 
Loeliger & Duckert, 1951) may also be required. This substance which has 


been called ‘convertin’ (Owren, 1950), ‘co-thromboplastin’ (Mann & Hurn, — 


1951), ‘serum prothrombin conversion accelerator’ (de Vries, Alexander & 
Goldstein, 1949) is apparently needed for the reaction of brain extracts with 
prothrombin (Owren, 1950; Koller e al. 1951) and might reasonably be 
expected to be necessary for the action of the blood thromboplastin system. 
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Factor VII is a substance in the globulin fraction of normal serum; it can be 
adsorbed by Al(OH),; it is probably formed during clotting from a precursor 


ain the plasma. It is the purpose of this communication to demonstrate that 


blood thromboplastin is formed from the three components, platelets, anti- 
haemophilic globulin and a serum fraction, the activity of which is assumed 
to be due to its factor VII content. 


METHODS 


Collection of blood. 9 ml. human venous blood is mixed with 1 ml. of 3-8 % (w/v) sodium citrate 
solution. The mixture is centrifuged at 1,500 rev/min for 5 min to obtain ‘platelet rich’ plasma. 
To obtain *platelet-poor’ plasma the blood is centrifuged either at 3000 rev/min for 30 min or at 
15,000 rev/min for 5 min. 

Phosphate buffer pH 8 is prepared by dissolving 11-875 g Na,HPO, .2H,0 in 1000 ml. of distilled 
water. 

Platelet suspension. Platelet rich plasma is centrifuged at 15,000 rev/min for 5 min and the 
clear plasma decanted. This platelet-poor plasma, if prepared from normal blood, may be used as 
substrate for the demonstration of thromboplastin (see ‘The generation of blood thromboplastin’, 
p. 92). The deposit of platelets is washed twice with 0-85% (w/v) NaCl and the final deposit 
resuspended in a volume of 0-85% NaCl equal to one third of the volume of plasma from which 
the platelets were derived. If the blood and plasma used for preparation of platelets are collected 
into silicone-coated tubes the yield of platelets is higher and the platelets are more easily 
resuspended 


Antihaemophilic globulin. In teste it is necessary that the antihaemophilic globulin should be 
separated from prothrombin, A crude preparation made by adsorbing plasma with Al(OH), may 
be used or, if desired, a more purified material can be made. 

To prepare the crude Al(OH),-treated plasma, 0-1—0-4 ml. of aluminium hydroxide Ca prepared 
by the method of Bertho & Grassman (1938) is added to 2 ml. of citrated plasma. The mixture is 
incubated at 37° C for 5-15 min. After this time the Al(OH),, which has adsorbed factor VII and 
prothrombin, is removed by centrifuging. The one-stage prothrombin test, as described by Biggs 
(1961), is carried out on the supernatant plasma. The clotting time by this method should lie 
between 1 and 5 min. If too much Al(OH), is used some of the antihaemophilic activity may be 
lost. This crude preparation of antihaemophilic globulin may be used at a dilution of one in five 
with 085% NaCl. 

A more purified material may be made by taking a measured volume of the plasma treated with 
Al(OH), and adding half the volume of saturated (NH,),SO, to make one-third saturation. The 
precipitate is collected by cetrifuging and dissolved in a volume of 0-85% NaCl equal to that of 
the original plasma. The solution is dialysed at 5° C for 12 hr against 0-85 % NaCl. The solution is 
then heated to 56° C for 5-25 min, depending on the size of the container, and the precipitate of 
denatured fibrinogen is removed. The supernatant liquid retains much of its ability to shorten the 
clotting time of haemophilic blood and can be dried by the lyophilic method. ih dente Shei tied 
material is dissolved in distilled water at a concentration of 100 mg/4 ml. 

thrombin. The untreated serum at a dilution of one in ten with 0-85% NaCl may be used as a 
source of factor VII or, if desired, a more purified material can be made. 

To make the purified material normal serum is treated with Al(OH), using 0-5 ml. Al(OH), to 
10 ml, of serum. The mixture is allowed to stand at 37° C for 15 min. The Al(OH), is then separated 
by centrifuging and the supernatant is discarded. The Al(OH), deposit is washed twice with cold 
distilled water and the factor VII is eluted from it by mixing with phosphate buffer at pH 8 and 
allowing the mixture to stand for 1 hr at 37° C. The volume of buffer used is one-quarter of the 
original serum volume. The Al(OH), is then removed by centrifuging and discarded. The supernatant 
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containing factor VII is dialysed overnight against 0.85% NaCl and may then be dried lyophili- 
cally. For use the dried material is dissolved in distilled water at a concentration of 1 mg/ml. 

The generation of blood thromboplastin. For the generation of thromboplastin there are four 
requirements; platelet suspension, antihaemophilic globulin, factor VII and m/40 CaCl,. 0-3 ml. 
of platelet suspension, 0-3 ml. of antihsemophilic globulin, 0-3 mi. of factor VII are pipetted into 
a tube and placed in a water bath at 37° C, then 0-3 ml. of CaCl, are added and a stopwatch is 
started. Ready in the water bath are a number of small tubes each containing 0-1 ml. of platelet- 
poor citrated plasma, the substrate for this test which should be pipetted out immediately before 
use. At 1 min intervals after mixing the thromboplastin reagents 0-1 ml. of the mixture is with- 
drawn into a gradutaed pasteur pipette and 0-1 ml. of m/40 CaCl, is withdrawn into a second 
pipette held in the other hand. The contents of the two pipettes are discharged into one of the 
tubes containing 0-1 ml. of platelet-poor plasma and the contents mixed. The clotting time of 
the mixture is recorded. 


RESULTS 


The formation of blood thromboplastin 
When platelets, antihaemophilic globulin, factor VII and calcium chloride 
are mixed no thrombin is formed because no prothrombin is present in the 
reagents. Yet after incubation the simultaneous addition of the mixture and 
CaCl, to plasma may induce clotting in as little as 8 sec with an average in ten 
experiments of 12-1 sec (Table 1). The short clotting time of the plasma must 


TaBLE 1. Experiment to demonstrate the formation of thromboplastin. After incubating the 
reagents for varying periods of time 0-1 ml. of the incubation mixture and 0-1 ml. of ™/40 
CaCl, are added to 0-1 ml. of citrated platelet-poor plasma. The clotting times are recorded 
in seconds. The figures represent the average of the results of 10 similar experiments 


Incubation mixture Incubation time in minutes 
0- an 2 3 4 5 6 8 16 
0-3 ml. factor VII 
0-3 ml. m/40 CaCl, Clotting time in seconds 


41-3 32-7 195 16-7 185 13-0 121 145 


be due to the addition of thromboplastin to the plasma because no thrombin 
(detected by its ability to clot fibrinogen free from prothrombin) is found in 
the incubation mixture. The delay in thromboplastin formation is demon- 
strated in Table 1 and varied in different experiments from 3 to 8 min. When 
incubation of the thromboplastin reagents is prolonged for an hour or more 
the ability to clot recalcified plasma is markedly decreased. This may be due 
either to neutralization of thromboplastic effect or to its intrinsic instability. 
This instability of the blood thromboplastin accounts for the fact that no 
powerful thromboplastin can be demonstrated in normal serum. Attempts to 
separate this thromboplastin in a stable form have been unsuccessful. 

The reagents tested separately have no appreciable thromboplastic activity 
and incubation of any three of the four reagents failed to produce a thrombo- 
plastin giving a clotting time of less than 48 sec with normal plasma. 
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The measurement of blood thromboplastin 
Although the blood thromboplastin is not stable at 37° C its potency is 
maintained for several hours at 0°C. Samples of thromboplastin made as 
described above were serially diluted and the activity of the dilutions deter- 
mined. From a number of different thromboplastin samples the curve shown 
in Fig. 1 was obtained. This curve is similar in shape to the curves obtained 


Clotting time (sec) 
3 $ 8 $ 82 8 8 


= 


0 i i iL i i i i 
10 20 3 4 50 60 70 80 9 100 110 120 130 140 
Concentration of thromboplastin 


Fig. 1. Blood thromboplastin dilution curve. 0-1 ml. of different dilutions of blood thrombo- 
plastin were added to 0-1 ml. of platelet-poor citrated plasma and the mixture immediately 
recalcified with 0-1 ml. of u/40 CaCl,. The clotting times in seconds are plotted against the 
relative concentration of thromboplastin. 

using dilutions of brain thromboplastin though dilution of the blood thrombo- 

plastin has a bigger effect. Straight lines are produced if the values from the 

brain and blood thromboplastin activity/dilution curves are plotted on a 

double logarithmic scale. 

Using the curve shown in Fig. 1 the observed clotting times can be expressed 
as relative thromboplastin concentrations where 100% thromboplastin repre- 
sents a clotting time of 10 sec. 


Blood thromboplastin and the concentration of platelets, antihaemophilic 
globulin and factor VII 


Platelets. An attempt was made to count the number of platelets in platelet 
suspensions and the counts varied from 200,000 to 700,000/mm*. The counts 
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were difficult to make because of the very large number of small fragments of 
refractile material present. These platelet preparations were diluted one in 
four so that in the mixtures forming thromboplastin it is probable that 
approximately physiological levels of platelets were used in the experiments. 


Platelets (%) 
100 
30} 


Time in minutes 


Fig. 2. Curves demonstrating the formation of blood thromboplastin in mixtures containing 
decreasing platelet concentrations. A suspension of platelets containing about 500,000 
platelets/mm* was diluted 1/2, 1/10 and 1/100. The thromboplastin concentrations were 
deduced from Fig. 1 using the observed clotting times; in this and subsequent Figs. 100% 
thromboplastin represents a clotting time of 10 sec. 


To determine the relation of platelet number to the formation of thrombo- 
plastin, different dilutions of platelet preparations were tested with the same 
preparations of antihaemophilic globulin and factor VII. In these experiments 
dilution of platelets considerably reduced the amount of thromboplastin formed 
but had little effect on the time at which thromboplastin formation began 
(Fig. 2). This result suggests that platelets are required quantitatively for the 
formation of blood thromboplastin and that reduction of platelets below the 
physiological level is likely to reduce the amount of thromboplastin formed. 
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Antthaemophilic globulin. Using Al(OH),-treated plasma from a haemophilic 
subject the amount of antihaemophilic globulin could be varied by adding 
known proportions of normal Al(OH),-treated plasma. The results of an 
experiment carried out in this way are shown in Fig. 3. The patient whose _ 
plasma was used for this experiment was a mildly affected haemophiliac 
whose whole blood clotting time and prothrombin consumption test were 


AH.G. (%) 


Thromboplastin (%) 


i=) 


i 
Time in minutes 

Fig. 3. Curves demonstrating the formation of blood thromboplastin in mixtures containing 
various corféentrations of antihaemophilic globulin (4.4.c.). 100% represents normal 
Al(OH),-treated plasma. 50%, 4.n.G. represents a mixture of equal parts of normal and 
haemophilic plasma treated with Al(OH),. 10% a.n.c. represents a mixture of 1 part of 
normal with 9 parts of haemophilic plasma treated with Al(OH),. 0% 4.H.a. represents 
haemophilic plasma treated with Al(OH),. 


normal at the time that the test was made. These results suggest that the 
antihaemophilic globulin is required quantitatively for the formation of blood 
thromboplastin and that the concentration of antihaemophilic globulin 
influences the time at which thromboplastin formation begins. An interesting 
feature of this experiment is that although the presence of 50% of anti- 
haemophilic globulin was accompanied by the formation of a normal amount 
of thromboplastin the abnormal delay in thromboplastin formation was not 
eliminated. 

Factor VII. The amount of factor VII present could be varied by using 
different dilutions of normal serum as a source of factor VII. When this was 
done the curves shown in Fig. 4 were obtained. From these results it will be seen 
that factor VII is present in considerable excess in normal serum. A reduction 
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from 50 to 6% of serum caused little decrease in the amount of thromboplastin 
formed though reduction below that level did diminish the amount. The con- 
centration of factor VII also influences the speed of thromboplastin formation. 


Factor Vil (%) 


10 


Time in minutes 
Fig. 4. Curves demonstrating the formation of blood thromboplastin in mixtures containing 
various concentrations of factor VII. The concentrations of factor VII were obtained by 
diluting normal serum. Thus 50% represents a 1/2 dilution of serum. 


These experiments show that platelets, the antihaemophilic globulin and 
factor VII are all required quantitatively for the formation of blood thrombo- 
plastin. Within the limits of physiological variation, changes in the number 
of platelets have the greatest effect on the amount of thromboplastin formed. 
Factor VII normally appears to be present in considerable excess. The anti- 
haemophilic globulin appears to have the greatest effect on the time at which 
thromboplastin formation begins and platelets the least effect. 


The reaction between two components required for blood thromboplastin 
formation 
In the interaction of these three components it is possible that a reaction 
between two components might precede a reaction of the product with the 
third component. To test this possibility the components were combined in 
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pairs with CaCl, and incubated for 10 min. After this time the third component 
was added. In no instance could any significant acceleration in the final speed 
of thromboplastin formation be demonstrated. 


70 


10 


Time in minutes 


Fig. 5. Curves demonstrating the formation of blood thromboplastin from platelets, anti- 
haemophilic globulin, factor VII and CaCl, in the presence (X———X) and absence (OO) 
of thrombin. 


The effect of thrombin on the formation of blood thromboplastin 

Thrombin has long been thought to have some accelerating effect on its own 
generation and this effect is readily demonstrated as described by Biggs & 
\ Macfarlane (1952). It was thought that thrombin might act by accelerating 
the formation of blood thromboplastin. To test this possibility thrombin was 
added to the usual reagents required for thromboplastin formation and the 
results were compared with parallel tests in which no thrombin was used. 
The findings are shown in Fig. 5. From these it is clear that thrombin accelerates 
the formation of blood thromboplastin. In this experiment the concentration 
) of thrombin was very low; it clotted fibrinogen in about 150 sec and was too 
small in amount to clot plasma. 
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Blood thromboplastin and the formation of thrombin 
When blood thromboplastin and calcium chloride are added to citrated 
plasma or to a mixture of prothrombin and factor V, separated from plasma 
as described by Biggs & Macfarlane (1952), thrombin is formed. The progress 
of thrombin formation is similar to that in experiments using brain thrombo- 
plastin. An experiment in which thrombin was formed in the presence of 


Thromboplastin 
oF dilution 
i 
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; Time in minutes . 

Fig. 6. Curves demonstrating the formation of thrombin from prothrombin in the presence of 
factor V, CaCl, and various dilutions of blood thromboplastin. The clotting times were 
deduced from a thrombin-fibrinogen dilution curve using the observed clotting times. By 
the method used a clotting time of 12 sec represents 10 units/ml. of thrombin in terms of 
@ specific preparation of thrombin topical (Roche). 


different dilutions of blood thromboplastin is illustrated in Fig. 6. In this 
experiment prothrombin and factor V were mixed with various dilutions of 
thromboplastin warmed to 37° C and CaCl, was added. At intervals, 0-1 ml. 
of the mixture was added to fibrinogen and the clotting times recorded. The © 
fibrinogen clotting times were interpreted in terms of thrombin units using 
a thrombin-fibrinogen dilution curve. From this experiment it is clear that 
the concentration of blood thromboplastin has a marked effect on the speed 
of thrombin formation as do other thromboplastin preparations. 


DISCUSSION 
The experiments reported leave little doubt that the blood can generate 
a thromboplastin of great activity. When formed, it is capable of clotting 
plasma in 8-12 sec, and is thus more powerful than any tissue preparation so 
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far described, and is second only to Russell’s viper venom acting together 
with lecithin. : 

The factors required for the production of this activity are platelets, anti- 
haemophilic globulin, factor VII and calcium. In the absence of any one of 
these thromboplastin formation does not . Contact with a foreign 
surface also seems to be essential. The nature of this reaction has not yet been 
determined, but it appears to require the simultaneous presence of all the 
factors. The amount of thromboplastin it produces is quantitatively related 
to the number of platelets available, and less critically, to the concentration 
of antihaemophilic globulin and factor VII. The time which elapses before 
thromboplastin begins to appear is most closely controlled by the concentra- 
tion of antihaemophilic globulin and is scarcely affected by changes in platelet 
numbers over a certain minimum. ‘ 

Antihaemophilic globulin seems to be consumed during the reaction since 
it cannot be found in serum. It is at present not known whether or not factor VII 
or platelets are consumed. Once formed, the blood thromboplastin has most 
of the functional characteristics of brain extract. It initiates thrombin forma- 
tion in plasma without a delay phase. It is capable of clotting plasma from 
which the platelets have been removed, or plasma from a haemophilic subject, 
or plasma in silicone-coated containers. It differs from brain extract in being 
extremely labile; its dilution-activity curve is steeper. 

These characteristics of the thromboplastin-forming system of normal 
blood explain a number of hitherto puzzling facts. Despite their relatively 
long clotting time, normal blood and recalcified plasma form clots suddenly 
and completely, an observation that is difficult to explain if only a weak 
thromboplastin were available but easily understood if a powerful thrombo- 
plastin appears suddenly after several minutes delay. 

In haemophilia and thrombocytopenia there is a deficiency of one thrombo- 
plastin component, antihaemophilic globulin in haemophilia and platelets in 
thrombocytopenia. In both conditions there is delayed conversion of pro- 
thrombin to thrombin which would be expected from the formation of a low 
concentration of thromboplastin. In haemophilia there is characteristically 
a long clotting time whereas in thrombocytopenia the clotting time is usually 
normal. This difference is easily explained by the different activities of anti- 
haemophilic globulin and platelets in the formation of blood thromboplastin. 
A deficiency of antihaemophilic globulin delays the time at which thrombo- 
plastin appears and therefore lengthens the clotting time. A reduction in 
platelet number has little or no effect on the time at which thromboplastin 
appears and therefore thrombocytopenia is seldom associated with delayed 
clotting. 

The concept of blood thromboplastin and its origin from three precursor 


substances suggests methods for the study of clotting defects associated with 
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an abnormal thromboplastin system. The defect in haemophilia, for example, 
can be studied by using platelets from haemophilic blood and factor VII from 
normal serum; thromboplastin formation on the addition of various propor- 
tions of normal and haemophilic plasma treated with Al(OH), can be observed. 
Using this technique it is possible to demonstrate the haemophilic defect even 
in mildly affected individuals whose clotting time and prothrombin consump- 
tion tests are normal. If it is suspected that the platelets are functionally 
abnormal as in ‘thromboasthenia’ (Hirsch, Favre-Gilly & Dameshek, 1950; 
Alexander & Landwehr, 1949), the patient’s platelets may be compared with 
normal ones in their ability to form thrombop/stin in the presence of the 
same preparations of antihaemophilic globulin actor VII. If an inhibitor 
of the thromboplastin system is suspected then it is possible to discover whether 
the inhibitor prevents the formation of thromboplastin or its reaction when 
formed with prothrombin and factor V. These applications of the concept of 
blood thromboplastin presented in this paper will be considered in greater 
detail in a later communication. 

The reasons why this thromboplastin-producing system has not been 
recognized are probably complex. The supposition that blood thromboplastin, 
even if it existed, was feeble has discouraged experiment and misled those who 
tried to demonstrate its activity The extreme lability of the material has also 
made investigation difficult because the thromboplastic activity can only be 
demonstrated in the absence of thrombin and by the time that thrombin is 
formed and neutralized in whole blood most of the thromboplastin has 
disappeared. The fact that three components are required for its production 
has also created experimental difficulties. Ferguson (1949) and Shinowara 
(1951) worked with a combination of platelets and antihaemophilic globulin, 
and Mann, Hurn & Barker (1951) used platelets and serum, but the complete 
system which is apparently required has not,.to our knowledge, previously 
been investigated. 


SUMMARY 


1, The clotting time of normal human blood placed in small glass tubes 
lies between 5 and 10 min. This long clotting time is usually thought to be due 
to the feeble nature of the blood thromboplastin system. It can be shown that 
blood thromboplastin is not feeble but that it exists in a precursor form. The 
long clotting time is a measure of the delay in thromboplastin formation and 
not a measure of the strength of the thromboplastin when formed. 

2. The factors necessary for thromboplastin formation are platelets, the 
antihaemophilic globulin, a serum fraction containing factor VII, and CaCl. 
When these factors are all present a thromboplastin is formed capable of clotting 
normal plasma in from 8 to 12 sec. 


3. The amount of thromboplastin produced is quantitatively related to the 
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number of platelets available and, less critically, to the concentration of anti- 
haemophilie globulin and factor VII. The time which elapses before thrombo- 
plastin formation begins to appear is most closely controlled by the concentra- 
tion of antihaemophilic globulin and is scarcely affected by changes in platelet 
numbers over a certain minimum. 


4. The presence of thrombin accelerates the formation of blood thrombo- 
plastin. 
5. The concentration of blood thromboplastin has a marked effect on the 
speed of thrombin formation from factor V and prothrombin. 
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manuscript. 
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It has long been known that when adrenaline is instilled into the conjunctival 
sac little or no mydriasis occurs. The absence of this effect is presumably due 
to the local vasoconstriction which retards absorption as well as to the rapid 
destruction of the drug. Sympathomimetic agents have been developed which 
do cause effective mydriasis when applied topically. However, it has been 
shown that these drugs, as well as parasympatholytic agents, produce a less 
intense mydriasis in eyes with dark irides than in light-coloured eyes. 

The literature on this subject has been reviewed by Chen & Poth (1929), who 
in presenting their own results offered no definite explanation for the difference. 
However, they quoted an earlier theory attributing the relative lack of responsé 
of dark irides to mechanical interference produced by the chromatophores — 
which are collected in clumps located in the spaces of the crypts. Apparently 
the possibility has not been explored that pigment variation may be respon- 
sible for the differential mydriatic effect, not by acting as a mechanical barrier 
but rather on an enzymic basis. The diameter of the pupil is regulated, by 
a balance between the tonic activity of adrenergic fibres supplying the dilator 
muscle and blood vessels of the iris and cholinergic fibres to the sphincter 
muscle. A decreased response to mydriatics might be expected in eyes con- 
taining either an excess of one or more enzyme systems capable of inactivating 
the mediators of the adrenergic fibres, or a deficiency in the enzymic destruction 
of the transmitter of the cholinergic fibres. In addition, the mydriatic agents 
themselves might be susceptible to enzymic destruction. In the light of present 
knowledge of melanin formation as first postulated by Bloch in 1917, DOPA- 
oxidase would seem to be the enzyme system most likely to be present in 
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different concentrations in light and dark irides. Enzyme preparations from 
mammalian melanomas have been reported to oxidize adrenaline at relatively 
low rates (Neuberg, 1908; Hogeboom & Adams, 1942). On the other hand, 
the presence of an'enzyme system involved directly in pigment metabolism 
might be associated with abnormal amounts of other enzymes capable of 
inactivating the neurotransmitter agents or the mydriatic drugs. 

The controversial subject of the pathways of destruction of adrenaline and 
noradrenaline has been reviewed in detail (Beyer, 1946; Hartung, 1946; Bacq, 
1949). The enzymes which appear to be involved chiefly are monoamine. 
oxidase and the cytochrome oxidase system ; esterification is probably confined 
to the liver. The transmitter of cholinergic fibres, acetylcholine, is hydrolyzed 
by true or specific and pseudo or non-specific cholinesterases. Their distribu- 
tions and functions in ocular tissue have been reviewed by deRoetth (1950). 

Attention was focused on the foregoing enzyme systems in seeking a basis 
for the phénomenon discussed at the beginning. In order to have material 
in which absolute differences in pigment metabolism would be present, most 
of the comparative measurements were made with tissues from pigmented 
and albino rabbit eyes. The difficulty involved in obtaining sufficient material 
of this type necessitated the use of irides from steer eyes for certain pre- 
liminary and confirmatory experiments. A preliminary note describing 
a portion of the present findings is in course of publication (Angenent & 
Koelle, 1952). 

MATERIAL AND METHODS 


Preliminary experiments were performed with steer eyes which were obtained fresh from the 
abattoir and stored at 3—5° C until dissected. Extraction of the iris was performed by a modifica- 
tion of the method described by Friedenwald, Herrmann & Moses (1943). The pooled irides were 
rapidly weighed, scissor-minced and homogenized with 0-2™-phosphate buffer (pH 7-4) and a small 


amount of silica in a Potter-Elvehjem hom izer, which was suspended in an ice-water bath. 
A final dilution was made with phosphate so that the homogenate contained 100 mg wet 
weight iris per ml. 


For the comparative experiments, rabbit eyes were removed as soon as possible after the animals 
were sacrificed and were stored in the refrigerator until they were dissected. Because of the 
difficulty of dissecting the iris free from the ciliary body in the rabbit, both structures were used. 
A small pair of forceps was inserted through a frontal incision in the cornea so as to grasp the iris, 
and by gentle manipulation the entire iris and ciliary body were extracted intact, free of choroidal 
adhesions. When experiments were not performed immediately the dissected tissues were stored 
at approximately - 10°C. Homogenates were prepared by grinding the scissor-minced tissue in 
pre-cooled porcelain mortars with 0-2m-phosphate buffer (pH 7-4). Most of the determinations 
were conducted with pooled homogenates of the albino or pigmented iris-ciliary bodies.’ 

In a few determinations, homogenates of the paired anterior segments of individual rabbits were 
used, as indicated below. 

Monoamine oxidase activity was determined by the procedure described by Thompson & 
Tickner (1951), using 50-154 mg wet weight of rabbit tissue or 200 mg of steer tissue per Warburg 
vessel, with final concentrations of 0-133m-phosphate buffer (pH 7-4) and 0-01 m-tyramine HCl. 
The total volume here, as in the other Warburg determinations, was 3-0 ml. Oxygen-uptake was 
followed for 2 hr at 38° C, using 0, as the gas phase, and values were corrected for spontaneous 
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oxidation of the homogenate and of the substrate. The specificity of the reaction was verified by 
determining the modification of O,-uptake produced by amphetamine sulphate (final concentra- 
tion 0-05™) and KCN (final concentration in main well 0-01 M, in equilibrium with 1-O0m-KCN in 
0-001 x-KOH in centre well). 

Cytochrome oxidase assays were conducted by the method of Schneider & Potter (1943). The 
recommended two or three different amounts of each homogenate per vessel (representing 3-(— 
72-0 mg wet weight of tissue) were used in order to correct for auto-oxidation of substrate in the 
presence of the tissue. In addition, the vessels contained final concentrations of 0-05 m-phosphate 
buffer (pH 7-4), 4 x 10-*m-AICl,, 8 x 10-*m-cytochrome ¢ (Sigma Chemical Co.) and 0-0114m-Na 
ascorbate. Oxygen-uptake was followed for 30 min, with air as the gas phase. 

For the determination of cholinesterase activity, fine scissor minces were prepared 
from four albino and four pigmented eyes. Aqueous suspensions representing 42-67 mg wet weight 
of tissue were added to the vessels, plus final concentrations of 0-03 m-NaHCO, and 0-0333m-MgCl, . 
After gassing with 5 % CO,-95 % N, and equilibrating, acetylcholine Br was tipped in, resulting 
in a concentration of 0-005™; CO,-production was followed for 60 min. 

The oxidations of L-adrenaline and L-noradrenaline (thesynthetic bitartrates, Sterling- Winthrop) 
were followed in vessels containing 60-90 mg wet weight of tissue and final concentrations of 
0-08m-phosphate buffer (pH 7-0) and 0-005m substrate, with air as the gas phase. The same 
conditions were used in measuring the oxidation of pt-3:4-dihydroxyphenylalanine (DOPA) 
(Panray Corp.), final concentration 0-0033m, as well as the rates of O,-uptake with mixtures of the 
foregoing substrates, and of mixtures of adrenaline with amphetamine-SO,, ephedrine-SO,, 
p-(2-aminopropy!)phenol-HBr (paredrine) and eucatropine-HCl (all 0-05m). The time periods 
employed are stated in the tables. CO, production was determined with double side-arm vessels 
by tipping in 0-3 ml. of 2-0m-H,SO, at the beginning or end of the experiment. For the deter- 
mination of methylamine and NH, production, and the bioassay of residual adrenaline, 1-0 ml. of 
20 % CCl,COOH (w/v) was added to the vessels at the termination of the run and the mixtures 
filtered through Whatman no. | paper. The amine determinations were conducted by the method of 
Van Slyke & Cullen (1916). Bioassays of the filtrates were done on dogs and cats anaesthetized 
with a-chloralose or Na pentobarbitone and arranged for recording blood pressure with a mercury 
manometer. The filtrates were brought to pH 6-0 with KOH and diluted with saline; standards 
were prepared immediately prior to the assay. 

Reducing substances were measured by the KIO,-titration method of Woodward & Fry (1932). 
Im mediately after weighing, paired iris—ciliary bodies from individual rabbits were scissor-minced 
in 7-0 ml. of 4 % sulphosalicylic acid (w/v), allowed to stand 45 min in the refrigerator, filtered, 
and aliquots of the filtrate were titrated with 0-0005 x-KIO, from a micropipette after the addition 
of I-free KI and starch-indicator. The figures for the appropriate blanks were subtracted. 

The effect of sympathetic denervation on the mydriatic action of eucatropine, homatropine and 
amphetamine was studied in a series of four albino and four pigmented rabbits. The right superior 
cervical ganglion was removed completely under Na pentobarbitone anaesthesia; determinations 
were performed 11-55 days following operation. At least 6 days were allowed to elapse before 
repeated use of a given rabbit, excepting in the first series of experiments with eucatropine, where 
4 days were found sufficient. The pupillary measurements were made with a pair of calipers in 
a room where the only light source consisted of a 100 W bulb with an aluminumized reflector 
placed 90 in. from the eye being examined. Sufficient time was allowed for the pupil to come to 
equilibrium with the light source. Following control measurements, seven drops of the solution 
under test were placed in a pocket in the conjunctival sac and allowed to remain there exactly 
1 min before being gently expelled. The diameter of the pupil was measured again 30 min after 
the instillation of the drug; during the interim, the animals were kept in a semi-darkened room. 

Polarographic measurements of the half-stage potentials of adrenochrome and the equivalent 
oxidation product of DOPA (hallochrome) were conducted with a Heyrovsky Type VIII instru- 
ment (Nejedly, Prague) employing a normal calomel half-cell connected with the reduction vessel 
by a x-KCl bridge, and recording by means of a Beckman Photopen Recorder. The indolequinones 
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were prepared by the method of Veer (1942); 0-25 m.mole of adrenaline or DOPA was dissolved 
in 25-0 ml. 0-1 m-acetate buffer (pH 4-6) to which was added 100 mg Ag,0. N, was bubbled through 
the suspension for 10 min at 25° C, after which it was filtered through Whatman no. 2 paper and 
the filtrate kept in an ice-water bath until further dilution. Within 1 hr, the filtrate was diluted 
1/10 with 0-10-phosphate buffer (pH 6-80), producing a final pH of 6-70; the dilution was added 
to the reduction vessel, gassed with N,, and the half-stage potential determined at 25° C in the 
usual manner. The final conversions to Z, should be considered as only approximate. 


RESULTS 


No significant differences were noted between albino and pigmented rabbit 
eyes with respect to monoamine oxidase (Table1), cytochrome oxidase (Table 2), 
or cholinesterase (Table 3) activity. 


Taste 1. Monoamine (tyramine) oxidase activity of rabbit iris—ciliary body 
homogenates and effect of inhibitors 


(pl. O,-uptake/0-1 g wet wt. tissue/hr) 
Control Plus 0-01 m-KCN Plus 0-05 m-amphetamine-SO, 
Albino Pigmented Albino Pigmented Albino Pigmented 
29-0 36-5 — 
22-6 23-2 10-5 12-2 0 70 
21-7 25-7 8-8 10-9 0-1 6-0 
15-4 24-9 6-7 15-2 10 5-6 
Mean 22-9 . 27-0 8-7 12-8 0-4 6-2 


The incorporation of 0-01m-KCN in the reaction mixtures for the mono- 
amine oxidase assay (Table 1) reduces 0,-uptake by inhibiting the oxidation 
of tyramine by cyanide-sensitive enzymes and by preventing further oxidation 
of the initial product, p-hydroxyphenylacetaldehyde. The values obtained for 
the two types of eyes under these conditions likewise showed no significant 
difference, and were in the same range as those reported by Robinson (1952) 
for the irides of the cat and rabbit. However, it is of interest to note that 
whereas 0-05m-amphetamine caused practically complete inhibition of 
tyramine oxidation by the albino tissués, a significant residual activity 
remained with the pigmented, suggesting the presence of an additional 
tyramine-oxidizing enzyme in the latter homogenates. 


TaBLE 2. Cytochrome oxidase activity of rabbit iris-ciliary body homogenates 
(yl. O,-uptake/0-1 g wet wt. tissue/hr) 
Albino Pigmented 


393 362 
424 357 
399 407 
Mean 405 375 


The finding of approximately equal amounts of cytochrome oxidase in the 
albino and pigmented iris-ciliary bodies (Table 2) was unexpected, since 
Herrmann & Boss (1945) have demonstrated that substantial amounts of the 
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enzyme are associated with the pigment granules of the cilitry epithelium. 
Friedenwald et al. (1943) had previously shown that most of the cytochrome 
oxidase activity of the ciliary body is present in the epithelial layer. These 
earlier observations and the present findings indicate that the distribution 
of the enzyme between the pigment granules and the rest of the epithelial 
cells must be fairly uniform. It would therefore seem unlikely that its 
presence in the granules could account for any significant differences in the 
rates of destruction of the mediators of the adrenergic fibres by the pigmented 
as compared with the albino irides. 


Taste 3. Cholinesterase activity of rabbit irie-ciliary body homogenates 


(yl. CO,-liberation/0-1 g wet wt. tissue/hr) 
Albino Pigmented 
122 165 
320 277 
230 
200 212 
Mean 218 214 


The figures for cholinesterase activities (Table 3) represent almost exclusively 
the true cholinesterase (specific or acetylcholinesterase), since it has been 
shown by a colorimetric (deRoetth, 1950) and a histochemical procedure 
(Koelle, Friedenwald, Allen & Wolfand, 1952) that ocular tissues of the rabbit 
and other species contain practically no pseudo- or non-specific cholinesterase. 

In spite of the approximately equal values obtained with the pigmented and 
albino ocular tissues in the specific assays for the systems which are generally 
considered to be involved in the oxidation of adrenaline, a definite and 
consistent difference was observed when adrenaline itself was used as substrate. 
The uptake with the albino was always smaller than that with the pigmented 
homogenates in a given run; in the four runs done under similar conditions, 
the average difference amounted to fourfold (Table 4). No such consistent 


Tasiz 4. Oxidation of adrenaline and noradrenaline by rabbit iris—ciliary 


body homogenates 
pl. O,-uptake 
"Per 0-1 g wet wt. tissue/hr 
Adrenaline Noradrenaline Spontaneous 
Albino Adrenaline Noradrenaline 

18 

3 12 2 9 8 8 

6 15 12 6 3 0 

5 10 2 3 2 2 
Mean 4 . 17 4 6 8 4 


difference was obtained when noradrenaline was used as substrate. Since the 
two compounds have high rates of auto-oxidation, a difference in the amount of 
reducing substances present was considered as a possible explanation. Ascorbic 
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acid and glutathione are known to protect adrenaline against auto-oxidation 
in tissues (Welch, 1934; Blaschko, Richter & Schlossmann, 1937 ). However, 
exceedingly close values were obtained in KIO, titrations of sulphosalicylic 
acid filtrates (Woodward & Fry, 1932) of albino and pigmented iris-ciliary 
bodies (Table 5). On the basis of comparative electrometric and more specific 
chemical titrations, it has been shown by Friedenwald, Buschke & Michel 
(1943) that the values obtained in titrating rabbit iris—ciliary body filtrates 
by this procedure can be accounted for almost exclusively by their ascorbic 
acid and glutathione contents. 


TaBLe 5. Reducing substances of rabbit iris—ciliary bodies 


(wequiv KIO,/g wet wt. tissue.) 
Albino Pigmented 
1-96 1-97 
1-74 1-66 
1-75 1-73 
Mean 1-82 1-79 
TaB_e 6. Oxidation of mixtures of adrenaline and mydriatic drugs by rabbit 
iris—ciliary body homogenates 
pl. O, uptake Fis 
Per 0-1 g wet wt. tissue/hr - 
Substrate Albino. Pigmented = Spon 
Adrenaline +am 7 65 117 
— 13 98 131 
6 52 82 
0 29 99 
8 52 93 
Mean 7 59 104 
Adrenaline + paredrine 39 139 101 
Adrenaline + ephedrine 6 12 10 
Adrenaline + eucatropine 3 16 


_ Since it appeared, therefore, that the difference in adrenaline oxidation was 
based upon an enzymic mechanism, the effects of inhibitors used in the fore- 
going specific assays were investigated. When amphetamine was included in 
the reaction mixtures, instead of the expected inhibition a marked acceleration 
of O,-uptake resulted with the pigmented rabbit and steer homogenates, but 
no such effect was noted with the albino homogenates (Table 6). Spontaneous 
oxidation was accelerated to an even greater extent. As oxidation progressed, 
a similar orange colour developed in the supernatant solutions of the vessels con- 
taining pigmented homogenates and in the auto-oxidation vessels, suggesting 
that the same types of reaction products were formed. In the latter vessels, 
a fine black precipitate was also observed. When paredrine was substituted 
for amphetamine, the rate of 0,-uptake with the pigmented homogenates was 


_ even greater, and exceeded the rate of auto-oxidation. The effect was slight 


with ephedrine, and absent with eucatropine. Consequently, in view of Chen & 
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Poth’s (1929) observation of the differential effect of the latter two mydriatics, 
destruction of the drug in dark eyes by the foregoing reaction could not provide 
an all-inclusive explanation of the mechanism responsible for the difference. 
The replacement of the mydriatic agent by DOPA in the reaction mixtures 
resulted in an increase in the O,-uptake of the pigmented homogenates to 
nearly the same extent as that produced by paredrine, but caused con- 
siderably less acceleration of auto-oxidation; again, no acceleration occurred 
with the albino tissues (Table 7). DOPA alone was oxidized at approximately 


Tasiz 7. Oxidation of mixtures of adrenaline and DOPA by rabbit iris— 


ciliary body homogenates 
ul. O,-uptake 
0-1 g wet wt. tissue 
Adrenaline DOPA Adrenaline | 
(15-0 pmole) (10-2 umole) plus DOPA Spontaneous 
Albino mented Albino mented Albino mented Adr. DOPA DOPA 
1 6 15 4 26 8 127 3 1 26 
2 10 41 5 45 26 260 23 ll 121 
1 5 12 0 4 2 35 2 0 6 
2 13 36 0 14 9 160 26 8 66 
1 — 2 a 17 6 103 5 — 7 
2 -- 80 _ 107 26 333 79 — 176 
5 18 81 0 22 
2 — 33 — 30 — 232 19 161 
Mean 1 6 9 2 16 5 87 3 1 15 
2 12 48 3 49 20 246 37 10 131 


the same rate as adrenaline by the pigmented tissues, and was not attacked by 
albinos. The rate of O,-uptake was found to be dependent upon the concentra- 
tions of both DOPA and adrenaline in the enzymic reaction as well as in the 
auto-oxidation (Table 8). No significant augmentation of O,-uptake occurred 
in mixtures of noradrenaline and DOPA, either enzymically or spontaneously. 
TaB_z 8. Effect of varying concentrations of adrenaline and DOPA on oxidation by 
pigmented rabbit iris—ciliary body homogenate 


pl. O,-uptake 

Adrenaline (15-0 umole) DOPA (10-2 umole) plus 
plus (umole) DOPA (umole) adrenaline 

Per 0-1 g wet 1 5 18 38 82 16 35 55 
tissue 2 33 84 232 30 80 «187 
Spontaneous 1 0 2 2 22 1 6 5 
2 19 25 36 161 10 56 60 


An enzyme of the steer ciliary body which conforms with earlier descriptions 
of the mammalian DOPA-oxidase of melanotic tumours (Hogeboom & Adams, 
1942) has been described by Herrmann & Boss (1945). The latter authors found 
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that the ciliary body enzyme oxidized DOPA at significant rates in the absence 
of cytochrome c, but had no effect on hydroquinone or catechol. Lerner, 
Fitzpatrick, Calkins & Summerson (1949) have presented evidence indicating 
that the so-called DOPA-oxidase and tyrosinase of mammalian melanomas 
are identical, in contradiction of earlier reports of the separation of the two 
activities. It has been shown by DuBois & Erway (1946) that tyrosinase of 
plant sources is particularly sensitive to inhibition by «-naptho-thiourea, 
whereas mammalian oxidative enzymes of other types are relatively resistant. 
The O,-uptake of mixtures of adrenaline (4-5umole) and DOPA (10-2mole) 
with pigmented homogenates was inhibited approximately 50 % during the 
first hour by-0-001 M-a-naphtho-thiourea, thus strengthening the impression 
that tyrosinase or DOPA-oxidase was responsible for the reaction (Table 9). 


TaB_Ez 9. Inhibition by «-naphtho-thiourea of oxidation of adrenaline-DOPA 
mixture by pigmented rabbit iris-ciliary body homogenate 


Per 0-1 g wet wt. tissue Spontaneous 
a-naphtho-thiourea (x) 10-4 10-8 0 10 
Time (hr) 1 65 66 36 19 8 13 
2 147 144 118 51 83 83 


Martin, Ichniowski, Wisansky & Ansbacher (1942) found that DOPA and 
several phenolic compounds had an accelerating effect on the oxidation of 
adrenaline by mushroom tyrosinase. Catechol was reported to be a hundred 
times as effective as DOPA inthis respect. In the present system, catechol had 
no accelerating action on adrenaline oxidation when used in the same con- 
centrations as those of DOPA listed in Table 8. This negative result is con- 
sistent with the aforementioned report of the inability of the DOPA-oxidase 
of mammalian ciliary body to oxidize catechol. More recently, Lerner, 
Fitzpatrick, Calkins & Summerson (1951) have reported that DOPA accelerates 
the oxidation of adrenaline and related compounds by the tyrosinase of 
mammalian melanomas. 

Neither the enzymic nor the spontaneous oxidation that occurred in the 
mixtures of DOPA and adrenaline was accompanied by a significant amount of 
decarboxylation or deamination. For example, when the enzymic oxidation of 
a mixture containing 4-5ymole of adrenaline and 10-2umole of DOPA by 
a pigmented rabbit homogenate was followed for 3 hr there was a total 
O,-uptake of 8-lumole. Carbon dioxide liberation from similar reaction 
mixtures at the beginning and end of the determination differed only by 
0-3umole. Auto-oxidation of the same mixture of substrates resulted in an 
O,-uptake of 7-7 mole during the same period, with no measurable difference 
in CO, liberation in parallel vessels. Under the same conditions, the 0,-uptake 
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with a steer homogenate as the enzyme source was 5-7 umole over 34 hr; no 
difference in volatile amines could be detected between the trichloroacetic 
acid filtrate of the vessel contents and that of the blank containing no substrate. 
The method was accurate to + 1-Oumole. 

The foregoing data provide no information as to the individual rates of 
destruction of adrenaline and DOPA during the course of oxidation of the 
mixtures. In order to obtain some approximation of the order of oxidation of 
adrenaline, bioassays were conducted with the trichloroacetic acid filtrates 
of the contents of appropriate vessels after the termination of the runs. One 
of the four assays is illustrated in Fig. 1. DOPA was found to have insignificant 
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Fig. 1. Dog’s blood pressure. Bioassay of Warburg vessel contents following enzymic oxidation of 
adrenaline-DOPA mixture by rabbit iris—ciliary body homogenates. Ep=adrenaline bi- 
tartrate, 0-3umole/ml. P=neutralized dilution of trichloroacetic acid filtrate of vessel 
contents (4-5 umole adrenaline, 10-2 umole DOPA, 75-0 mg wet wt. pigmented rabbit iris— 
ciliary body homogenate) allowed to react 3 hr; total O,-uptake 6-55 umole. Final dilution 
represents original concentrations of 0-3umole adrenaline and 0-68yumole DOPA/ml. 
A =identical dilution of similar reaction mixture containing albino homogenate, allowed to 

react 3 hr; total O,-uptake 0-36 umole. E-~D=adrenaline bitartrate, 0-3 umole, plus DOPA, 
0-68 zmole/ml. The figures 0-27-1-0: ml. injected; ‘the figures 19-39: blood presgure rises 
(equivalent to one-half rise in mm Hg). Equivalent pressor activities: 1-0 ml.P<-0-33 ml.A 
<-0-30 ml. E-D. Adrenaline oxidized by pigmented homogenate: 3-15yumole. O,-uptake 
per umole adrenaline oxidized: 2-1 umole. 


effects on the height of the blood-pressure rise of the dog at the concentrations 
employed, but caused a slight increase in the duration of the rise. In the 
accompanying protocol it can be seen that approximately 70% of the 
adrenaline was destroyed during the course of the enzymic oxidation. This 
was accompanied by an over-all uptake of 4-2 atoms of oxygen per molecule of 
adrenaline destroyed. 

If the destruction of the mediator of the adrenergic fibres by DOP A-oxidase 
is responsible for the less intense response of pigmented eyes to mydriatics, 
removal of the source of the mediator by sympathetic denervation should 
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eliminate the difference between the two types. With the light-source em- 
ployed, the initial diameters of the pupils of normal and denervated albino eyes 
were significantly smaller than those of the corresponding pigmented eyes, 
probably as the result of a more sensitive light reflex (Table 10). The degree of 
t mydriasis produced by 1-0 % (w/v) eucatropine-HCl was significantly greater 
in the normal albino than in the normal pigmented eyes. In the denervated 
eyes of both types, the response did not differ significantly from that of the 
normal pigmented type. With 0-5 %, homatropine-HBr, the normal albino 
eyes also showed a greater degree of mydriasis than the pigmented, but not to 


Tasxz 10, Action of mydriatics on normal and sympathetically denervated 


albino and pigmented rabbit eyes 
tial pupil — Mydriasis, 30 min 
Vv tolloving No. of diameters (mm) after instillation (mm) 
denerva- obser- 
Drug Eye tion vations Albino “Pigmented Albino Pigmented 

& Normal 7 48402 64402 32403 #£1-240-2 

| HCL1% (w/v) Denervated 11-20 7 46402 54401 14403 
Amphetamine Normal a= 4 62402 65403 18403 16403 

| Denervated 24-29 4 48401 68402 01401 -0440-2 
(w/v) 

Amphetamine- Normal 4 48402 69401 25408 22403 
80, 1-0 % (w/v) Denervated 31-36 4 48404 62401 -04402 00401 
Homatropine- Normal 8 49401 66403 32402 2-3:40-4 
HBr 0-5 % Denervated 37-48 8 45402 564102 28403 #17402 
(w/v) 

4 Normal — 4 68401 73402 154105 06403 
HCL1% (w/v) Denervated 50-55 4 62405 60103 19103 04402 


the same extent as with eucatropine. However, the response of both types 
| to the latter drug was reduced slightly by denervation. In the tests performed 
using amphetamine-SQ, , no significant difference between the responses of the 
normal albino and pigmented irides was obtained under the conditions of the 
experiment; the response _ both types was practically abolished following 
denervation. 

The polarographic measurements are presented in the discussion. 


DISCUSSION 


*. The present study has demonstrated that the DOPA-oxidase system of the 
anterior segment of pigmented rabbit eyes is capable of bringing about a high 
rate of oxidation of adrenaline in the presence of DOPA. It has also been 
. shown that the system is lacking in albino eyes, whereas there is no significant 
difference between the two in respect to monoamine oxidase, cytochrome 
oxidase, cholinesterase or reducing substances. If the DOPA-oxidase system 
»  funetions in the same manner in vivo, it might serve as an explanation of the 
primary problem of the present investigation, namely, the comparative 
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ineffectiveness of mydriatics on dark irides. Thus, the constant rapid destruc- 
tion of the mediator of the adrenergic fibres by DOPA-oxidase would reduce 
the effectiveness of sympathetic impulses in counterbalancing the action of 
the cholinergically innervated sphincter muscle. Consequently, less pupillary 
dilation would result from the instillation of a mydriatic, whether it acted by 
blocking the transmitter of cholinergic fibres or by a direct effect on the muscle 
fibre to reinforce the mediator of the adrenergic fibres. 

A major reason for the controversy concerning the relative importance of 
the different enzyme systems known to destroy adrenaline is the uncertainty 
concerning the extent to which in vitro determinations of their reaction 
velocities reflect their activities in vivo. For example, although conventional 
monoamine oxidase assays indicate that this enzyme destroys adrenaline 
relatively slowly, it can act at considerably higher rates in vitro in conjunction 
with certain other systems (Govier, Grelis, Yanz & Beyer, 1946). One can 
only speculate as to whether the rate of oxidation of adrenaline by the DOPA- 
oxidase system of the anterior ocular segment is more nearly represented by 
the present results obtained in the absence or presence of DOPA in various 
concentrations. Although several metabolic pathways for adrenaline un- 
doubtedly occur, different systems probably predominate in this function at 
different sites. Ocular tissue is outstanding in its high concentration of pigment. 
That adrenaline can be metabolized by the enzyme in the iris and enter into 
pigment formation has been indicated by the earlier work of Bennet & 
Hausberger (1938). By sectioning the sympathetic fibres to the iris in young 
rabbits, they were able to prevent pigmentation at that site; the effect could 
be reversed by the instillation of adrenaline into the conjunctival sac. It is 
quite possible that the reaction responsible for these results was the one studied 
in the present investigation. 

In so far as the steps involved in the concomitant oxidation of DOPA and 
adrenaline are concerned, the high rate of oxidation recorded in the absence of 
significant deamination or decarboxylation, and the development of the 
reddish orange colour prior to the black precipitate indicate that both sub- 
strates were oxidized through the quinone stage, with the subsequent closure 
of the side chains to form indole rings, as described for the reaction of mush- 
room tyrosinase on DOPA by Raper (1927) and on adrenaline by Green & 
Richter (1937). However, no explanation is readily apparent for the marked 
acceleration of oxidation produced by the combination of the two substrates. 


Adrenochrome, the reaction product of adrenaline described above, can act % 


as a reversible redox system (Wiesner, 1942; Koelle & Friedenwald, 1951); 
it is quite likely that the indole-quinone form of DOPA (hallochrome) can 
function in a similar manner. The polarographically determined half-stage 
potentials of the two compounds, when converted to Ej, gave values of 
+0-018 V and —0-003 V, respectively, at pH 6-70. These figures are con- 
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siderably negative to the HZ, values obtained by Ball & Chen (1933) for the 
systems composed of adrenaline and its quinone (+0-390) and DOPA and its 
quinone (+ 0-393) in the same pH region. Thus, under equilibrium conditions 
the indolequinones could effect virtually no oxidation of the original amines. 
However, as Ball & Chen have shown, the half-lives of the initial quinone forms 
are limited to a few hundredths of a second in the region of neutrality. 
Accordingly, the differences in potential between the systems impose little 
limitation on the likelihood of their interaction, leading to oxidation of the 
forms with the higher potentials. It might be postulated that the four systems 
together constitute a reaction chain permitting more efficient oxidation, and 
hence a much greater velocity of O,-uptake, than either pair alone. In 
addition, the liberation of H,O, by the oxidation of the leukoforms of the 
indolequinones may be an important factor in the oxidation of adrenaline and 
DOPA, as suggested by Green & Richter (1937). Further study is required to 
elucidate the mechanism. The absence of augmentation of O,-uptake in 
mixtures of DOPA and noradrenaline is in keeping with the fact that the 
latter compound is oxidized to an indolequinone with much less ease than is 
adrenaline (von Euler & Hamberg, 1949). It is of interest to note in this respect 
that whereas noradrenaline is present in great excess over adrenaline in most 
adrenergic nerves, the reverse is true of the aqueous humour (von Euler, 1951). 

The enzymic and spontaneous oxidation involving adrenaline and ampheta- 
mine or paredrine may be similar to the reaction with DOPA. Beyer (1942) 
postulated a series of reactions between amphetamine and ascorbic acid which 
resulted in the oxidative deamination of the former compound. More recently, 
Brodie, Shore, Axelrod & Udenfriend (1952) have demonstrated that several 
aromatic drugs are metabolized by a hydroxylation involving ascorbic acid. 
The present observations may represent another pathway of destruction for 
many of these drugs in ocular or other tissues. 

The results of the mydriasis experiments with normal and sympathetically 
denervated eyes offer some support to the implication of the in vitro findings 
that the DOPA-oxidase of the pigmented eyes is responsible for the differential 
effect. Thus, the pupillary dilation following the instillation of eucatropine 
should result, via the light reflex, in an increased parasympathetic and 
a decreased sympathetic discharge. The presence in the pigmented eyes of an 
additional enzyme system capable of destroying the mediator of adrenergic 
fibres might then reduce its concentration below the effective threshold level. 
In the albino eyes, where DOPA-oxidase is lacking, some degree of effective 
sympathetic tone might remain to augment the action of substances which 
block the effect of the transmitter of cholinergic fibres. The post-denervation 
reduction of the degree of mydriasis obtained in the latter to the level found 
in both the normal and denervated pigmented eyes is commensurate with this 
explanation. The failure to obtain such definite results in the experiments with 
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homatropine is quite possibly the result of the considerably longer time which 
had elapsed following denervation, and the repeated use of the animals. 
Briicke (1931) showed that the miosis which follows cervical sympathetic 
ganglionectomy is not permanent and might be succeeded by the paradoxical 
mydriatic pupil, presumably as the result of hypersensitivity to circulating 
adrenaline. An additional complicating time-factor is the recent demonstration 
by Burn & Robinson (1952) that the amine oxidase activity of the iris and 
nictitating membrane, which falls shortly after sympathetic ganglionectomy, 
is restored to the control level within a few weeks; no adequate explanation 
has been offered for this finding. These various changes are indicated in the 
terminal eucatropine experiment, conducted 50-55 days following denervation, 
in which results were no longer comparable with the earlier ones (Table 10); 
the response of both types of normal eyes was greatly decreased, the responses 
of the denervated eyes were not significantly different from the normals, and 
the variation of response within most groups was greater. 

The lack of a differential mydriatic effect following the instillation of 
amphetamine in normal rabbit eyes recalls the results of Chen & Poth (1929), 
who were unable to confirm in this species their clinical observations of the 
differential action of ephedrine and its analogues. The discrepancy might be 
dependent upon the marked species differences in the development of the 
dilator muscle (Henderson, 1926) or upon the greater photosensitivity of the 
albino rabbits, as indicated by the consistently smaller diameters of their 
untreated pupils (Table 10). The equal responsiveness of the two types of 
normal rabbit eyes to amphetamine and the loss of response to the drug 
following denervation are in accordance with Gaddum & Kwiatkowski’s (1938) 
theory that agents of this group act by inhibiting amine oxidase, the enzyme 
they considered primarily responsible for the destruction of the mediators 
of the adrenergic fibres. In terms of their theory, it might be reasoned that in 
the presence of sufficient concentrations of the inhibitor an effective level of 
the mediators could be maintained in the pigmented eyes in spite of the 
presence of the DOPA-oxidase system and the reduction of sympathetic tone 
consequent to the light reflex. 

Two additional factors must be taken into account in considering the 
foregoing hypothetical discussion. It is likely that the parasympathetic or 
cholinergic system plays the predominant role in the regulation of the diameter 
of the pupil, while the sympathetic system maintains a relatively constant 
tonic background (Langworthy & Tauber, 1937). Furthermore, there is 
considerable anatomical evidence to indicate that in the rabbit the mydriasis 
which results from sympathetic stimulation is dependent chiefly upon con- 
striction of the irideal vascular bed (Langworthy & Ortega, 1943). Neither of 
these considerations should alter the present indication of the significance of 
the DOPA-oxidase system in modifying the response to mydriatics. 
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SUMMARY 

1. In seeking an enzymic basis for the differential action of mydriatics in 
light and dark eyes, the enzymes involved in the destruction of the mediators 
of the cholinergic and adrenérgic fibres were estimated in the iris-ciliary 
bodies of albino and pigmented rabbits. No significant differences were found 
with respect to monoamine oxidase, cytochrome oxidase, cholinesterase or 
reducing substances. 

2. Adrenaline was oxidized at a greater rate by the pigmented than by the 
albino homogenates. With the addition of amphetamine, paredrine or DOPA 
to the reaction mixtures, the rate of oxidation was markedly augmented. 
A similar augmentation was obtained in the auto-oxidation of adrenaline in 
the absence of enzymes, but not in the systems which included albino homo- 
genates. 

3. The rate of enzymic oxidation of mixtures of adrenaline and DOPA was 
dependent upon the concentration of either substrate, was not accompanied 
by significant decarboxylation or deamination, and was inhibited approxi- 
mately 50°% by the addition of 0-001m-a-naphtho-thiourea. Bioassays 
demonstrated that considerable amounts of adrenaline were inactivated 
during the reaction. The oxidation of noradrenaline was not augmented in the 
presence of DOPA. The sum of the above findings indicates that DOPA- 
oxidase is the enzyme responsible for the effect, and that both catecholamines 
are oxidized through the indolequinone stage. Possible mechanisms of the 
acceleration of oxidation are discussed. 

4. A significantly greater degree of mydriasis was obtained in albino than 
in pigmented rabbits with eucatropine. Following extirpation of the superior 
cervical ganglion, the response in the former was reduced to that found in 
normal and denervated pigmented eyes. Results obtained subsequently using 
homatropine were less definite. No differential effect was obtained with 
amphetamine, and sympathetic denervation abolished entirely its mydriatic 
action. These results are discussed in terms of the possible importance of 
DOPA-oxidase and other enzymes in the destruction of the mediators of 
adrenergic fibres in ocular and other tissues. 
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THE EXCITANT ACTION OF ACETYLCHOLINE AND 

OTHER SUBSTANCES ON CUTANEOUS SENSORY 

PATHWAYS AND ITS PREVENTION BY HEXAMETH- 
ONIUM AND b-TUBOCURARINE 


By W. W. DOUGLAS ann J. A. B. GRAY 
From the National Institute for Medical Research, Mill Hill, London, N.W.7 


(Recewed 12 August 1952) 


Brown & Gray (1948) showed that a close arterial injection of acetylcholine or 
nicotine into the skin excited a discharge of impulses in the sensory nerve 
supplying the area, and also that a large dose of nicotine administered pre- 
viously could prevent this effect without interfering with the normal response 
of the nerve to touching the skin. A similar phenomenon occurs in the carotid 
body, where Douglas (1951, 1952) has shown that hexamethonium prevents 
the stimulating action of acetylcholine, nicotine and «a-lobeline without 
affecting the response to oxygen lack. 

The experiments described in this paper show that «-lobeline, like acety]- 
choline and nicotine, can excite a discharge in sensory fibres from the skin; 
and that hexamethonium and p-tubocurarine prevent the excitant effect of 
this group of drugs without influencing the normal touch response. Sensory 
pathways in the skin and those in the carotid body are therefore similar in 
their responses to certain pharmacological agents. The experiments also 
extend the observations made by Brown & Gray and provide evidence that 
these drugs are acting directly on the sensory pathway in the skin and not 
merely causing their effect indirectly through some other action. 


METHODS 
The experiments were performed on cats anaesthetized with chloralose, 100 mg/kg body weight. 
one occasion a cat decerebrated under ether anaesthesia was used. 

ion. The preparation was essentially similar to one described by Brown & Gray (1948). 
The skin over the medial aspect of the knee was used. In this region an artery accompanied by 
@ vein and nerve runs laterally from the superficial femoral vessels. An incision 6-8 cm long was 
made over these vessels, the skin freed and sewn to a ring. The bath so formed was filled with 
liquid paraffin. The branch artery was identified and the superficial femoral artery completely 
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freed for 2-3 om on either side of it, all other branches being double tied and divided. A loop of 
thread was passed under the central end of the freed section and the peripheral end prepared to 
receive @ cannula. That part of the saphenous nerve which runs with the branch artery was 
cleaned of the outer sheath, cut centrally and divided into its two or three natural bundles. The 
/ eat was then usually given heparin (10 mg/kg). Finally a 26-gauge hypodermic needle which had 
been converted into a cannula by removing the sharpened bevel was tied into the peripheral end 
of the cleaned section of the superficial femoral artery, the tip pointing centrally, and firmly 
clamped, By pulling on the thread round the central end of the dissected length of artery and 
injecting into the peripheral end, the test solutions were made to pass into the small branch artery. 

Recording. The prepared nerve was placed on bright platinum electrodes which were connected 
through cathode followers and an amplifier to cathode-ray oscillographs. The action potentials 
) © were recorded on moving paper. Sometimes photographs of single sweeps were taken from 
a second cathode-ray tube. These sweeps were made to ocour synchronously with the time mark on 
the moving-paper record. 

Solutions. All substances were freshly dissolved in Locke’s solution at the beginning of each 
experiment. Acetylcholine chloride, nicotine hydrogen tartrate, a-lobeline hydrochloride, 

adrenaline chloride, hexamethonium iodide, and p-tubocurarine chloride were the salts used: 
concentrations mentioned in the text refer to these salts. The nicotine solution was adjusted to 
? pH 7 by adding NaOH; the other solutions needed no edjustment. To block the motor effects of 
_ the sympathetic system in the skin Ciba 7337 (2-[N, p-tolyl-N-(m-hydroxypheny])-aminomethy])- 
imidazoline-HCl) was used. 

Recording of hair movements. In some experiments the movement of hairs was recorded in the 
following way. The cat’s tail was clipped to leave a suitable tuft of hairs on one of its sides. The 
tuft was moistened and shaped to a point and movements of this tuft were recorded by projecting 
its shadow onto squared or photographic paper. A sufficiently clear shadow was obtained with 
@ point source consisting of high intensity lamp focused onto a pin-point aperture, extraneous 
light being excluded. In these experiments the abdominal sympathetic chain was stimulated 
through platinum electrodes. Injections were made through a cannula tied into the central stump 

of one external iliac artery, the other external iliac and the anterior divisions of both internal 
iliacs being tied and the abdominal aorta occluded during injections. 


RESULTS 

The stimulating effect of acetylcholine 

’) An outburst of centripetal action potentials followed an intra-arterial injection 
of acetylcholine into the skin. Clear responses were usually seen after injections 
of 0-2 ml. of acetylcholine 10-5 g/ml. This concentration is one-tenth of that 
used by Brown & Gray (1948), and is of the same order of magnitude as that 
required to stimulate a muscle when given under similar conditions (Brown, 
Dale & Feldberg, 1936). The effect of acetylcholine is seen in Fig. 15. An 
+  increasé in the impulse discharge starts during the injection and continues for 
10 sec. The control injection (Fig. 1a), on the other hand, excites impulses only 
during the injection itself, presumably due to mechanical effects. 

In most experiments two distinct groups of action potentials were observed ; 
the one consisting of large spikes and the other of spikes considerably smaller, 
usually about one-third the height of the former (cf. Heinbecker, O’Leary & 
¥ Bishop, 1933; Zotterman, 1939; Maruhashi, Mizuguchi & Tasaki, 1952). Both 
groups were excited by acetylcholine (Fig. 2b) and by mechanical stimulation 
of the skin (Fig. 2a). 
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Fig. 1. Cat: chloralose. Action potentials from a branch of the saphenous nerve. (a) injection of 
0-2 ml. Locke’s solution; (6) injection of 0-2 ml. acetylcholine, 10~* g/ml. Signals mark 
injection and time (1 sec.). 


b 
Fig. 2. (a) Large and small action potentials in a branch of the saphenous nerve excited by 
touching the skin. Record consists of many superimposed traces each triggered by an action 
potential: each sweep thus begins with an action potential. Frequency response of amplifier 
40 o/s to 6 ke/s. (6) Large and small action potentials in a branch of the saphenous nerve 
excited by injection of 0-2 ml. 10~ acetylcholine. Left: four successive sweeps at 1 sec intervals 
immediately before injection. Right: four successive sweeps at 8-11 sec after injection. 
Frequency response of amplifier 4 c/s to 2 ko/s. 


The site of action of acetylcholine 
The saphenous nerve has been shown by Heinbecker et al. (1933) to be purely 


sensory except for a few small non-myelinated efferents. The latter could not 
influence the recorded picture, and it may be assumed that all the responses 
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recorded were from sensory nerve fibres. But the discharge in these fibres is 
not necessarily due to acetylcholine acting directly upon them. The effect could 
be secondary to contraction of muscle in the skin. Evidence has been obtained, 
however, that renders such an explanation highly improbable. 

Possible role of skeletal muscle. Acetylcholine, in the concentrations we have 
used, might be expected to act directly on the end-plates of any striated muscle 
in the skin. The area of skin used, is outside that within which the cutaneus 
dorsi muscle normally lies, but as some muscle fibres might have been present, 
the point was tested by experiment. Acetylcholine was injected into the skin 
after the cat had been given a dose of decamethonium sufficient to depolarize 
the motor end-plates to such an extent that acetylcholine could no longer 
initiate muscular contraction. The sensory discharge from the skin set up by 
10+ or 10-5 acetylcholine was not diminished by intravenous injection of. 
150 g/kg decamethonium, although this produced complete neuromuscular 
block, as evidenced by absence of muscle movement on stimulation of the 
median nerve. A further dose of 500ug/kg decamethonium, some 10 min 
later, was also without effect on the sensory excitant action of injected 


acetylcholine (Fig. 3). 


Fig. 3. Cat: decerebrate. Action potentials from a branch of the saphenous nerve. 
(0-2 ml., 10-* g/ml.) injections (at signal) (a) before decamethonium, (6) after 650 ug/kg 
decamethonium intravenously. 


=. 


The possible role of smooth muscle. The direct stimulation of cutaneous 
smooth muscle by acetylcholine can be discounted as a cause of the discharge, 
? because the discharge persists in animals which have received atropine 
(1-4 mg/kg) intravenously. \ ; 

It has been suggested, however (Coon & Rothman, 1940) that acetylcholine 
can excite the sympathetic efferent pathways in the skin and so cause erection 
of the hairs and other motor effects indirectly. To see whether such an indirect 
mechanism might operate in our experiments, we examined whether the 
7 sensory discharge set up by acetylcholine was influenced by a substance which 
blocks transmission between sympathetic nerves and their effectors. The 
compound used for this purpose was Ciba 7337 (Meier, Yonkman, Craver & 
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Gross, 1949). Before employing it to analyse the acetylcholine effect experi- 
ments were done to show that it blocked the pilomotor response to sym- 
pathetic nerve stimulation, a point which to our knowledge has not been 
previously tested. The experiments were done on the cat’s tail, since no 
pilomotor effects could be observed in the area of leg skin from which the 
nerve impulses were recorded. The tuft of hair used (see Methods) erected 


Fig. 4. The pilomotor response to stimulation (25 per sec for 1 sec) of the abdominal sympathetic 
chain in a chloralosed cat. (a) Resting position of a tuft of hair on the clipped tail; (b) position 
of the tuft after stimulation. 


Tasiz 1. Effect of Ciba 7337 on the pilomotor responses of the cat’s tail 


Angle of hair in degrees 
Time r 
of Before After 
day stimulation stimulation Difference 
Cat no. 1. Stimulation of abdominal sympathetic 25/sec for 1 sec 
17.10 38-5 57-6 19-1 
17.13 38-7 57-6 18-9 
17.18 39-0 57-6 18-6 
17.20 5 mg/kg Ciba 7337 intravenously) 
17.21 39-3 39-3 0 
17.27 38-5 39-3 0-8 
17.32 38-5 39-5 10 
Cat no. 2. Intra-arterial injection of ACh 2 ml. 10-* 
15.00 38-7 47-0 8-3 
approx. 40-0 47-0 70 
(15.10 5 mg/kg Ciba 7337 intravenously) 
15.15 41-8 398 -2 
15.40 40-3 41-2 0-9 
16.00 39-7 40-8 1-1 


vigorously (Fig. 4), and gave repeatable effects in response to stimulation of 
the lumbar sympathetic chain, or following injection of adrenaline or acetyl- 
choline into the median sacral artery. The effect of acetylcholine was probably 
“mainly due to stimulation of sacral sympathetic ganglia, but the large amounts 
used might be expected to produce the axon reflex described by Coon & 
Rothman (1940). An intravenous injection of 5 mg/kg Ciba 7337 completely 
prevented any pilomotor response to stimulation of the lumbar sympathetic 
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chain or to acetylcholine injection (Table 1). It also blocked responses to all 
but exceedingly large doses of adrenaline. Intravenous injection of 5 mg/kg 
of Ciba 7337 to a cat which was giving a sensory discharge on close arterial 
injection of 10-5 g/ml. acetylcholine, in no way diminished the response but, 
in fact, increased its intensity and duration. This increase was possibly due to 
vasodilatation following Ciba 7337. In any event, it is clear that the sensory 
discharge provoked by acetylcholine cannot be due to its causing smooth 
muscle contraction indirectly through sympathetic stimulation. 

This conclusion is supported by the fact that the response to an intra-arterial 
injection of acetylcholine cannot be mimicked by an injection of adrenaline. 
Close arterial injections of adrenaline were made in three experiments. In 
each of these the first injection caused a discharge of impulses, but, unlike that 
following acetylcholine, this discharge was delayed about 2 sec. Moreover, 
subsequent injections of adrenaline, in concentrations up to 10 g/ml., failed 
to elicit a discharge, although injections of acetylcholine were still fully 
effective. 

It seems, therefore, that the sensory discharge produced by acetylcholine 
cannot be due to the direct or indirect excitation of any effector known to be 
present, in the skin. It is concluded that it is caused by stimulation of some 
part of the sensory pathway itself. 


Other agents causing impulse discharges | 
Nicotine. Brown & Gray (1948) showed that close arterial injection of 
nicotine into the skin produces @ response in the sensory nerve similar to that 
produced by the same concentration of acetylcholine. This has been confirmed. 
a-Lobeline. «-Lobeline usually had a small stimulating effect in concentra- 
tions of 10~ g/ml. (Fig. 5). The volume used was, as usual, 0-2 ml. The response 


Fig. 5. A sensory discharge set up by injecting 0-2 ml. a-lobeline hydrochloride (10~ g/ml.). 


was variable, sometimes absent and sometimes quite strong, though never as 
strong as that due to a similar concentration of acetylcholine. Usually only 
the first injection produced a response, and it was found that after one or two 
injections of lobeline the acetylcholine responses were generally smaller. 
A concentration of 10-* g/ml. of lobeline (0-2 ml.) on one occasion abolished 
the responses to acetylcholine and nicotine, though the response to touch 
remained. The same dose of lobeline given again abolished the spontaneous dis- 
charge and touch responses from the group of small fibres as well. In another 
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experiment, a concentration of 10-* g/ml. blocked all nerve impulses in the 
branch from which the records were taken, including impulses set up by in- 
jections of 1-2 °/, potassium chloride in Locke. Since such concentrations of 
potassium chloride are known to excite nerve fibres throughout their length 
(Brown & MacIntosh, 1939), this additional effect of high concentrations of 
lobeline cannot be ascribed to a specific effect on sensory endings, but is more 
probably due to a non-specific action of lobeline blocking conduction in the 
nerve trunk. 
Blocking agents 

Hezamethonium. An intravenous injection of 20 mg/kg body weight of 
hexamethonium completely abolished the sensory discharge initiated by the 
close arterial injection of 10-* g/ml. acetylcholine into the skin, though the 
responses to 1-2 % potassium chloride and touch appeared unaltered. In two 


Fig. 6. The blocking effect of hexamethonium on the sensory discharge set up by acetylcholine. 
The following were injected during the periods signalled. (a) Locke’s solution, 0-2 ml.; 
(b) acetylcholine, 0-2 ml., 10~* g/ml.; (c) acetylcholine, 0-2 ml., 10~* g/ml. immediately after 
hexamethonium, 0-2 ml. 10-* g/ml. close arterially; (d) KCl, 0-2 ml. 1-2 %, immediately 
after c; (e) acetylcholine, 0-2 ml., 10~* g/ml., 9 min after hexamethonium. 


other experiments (Fig. 6), the close arterial injection into the skin of hexa- 
methonium abolished the acetylcholine effect, and again there was no change 
in the responses to 1-2 % potassium chloride or touch. In these latter experi- 
ments the response to acetylcholine usually began to return about 5 min after 
the injection of hexamethonium. In one experiment, an injection of 0-2 ml. 
10~* g/ml. hexamethonium abolished the response to 0-2 ml. 10-* g/ml. acety]- 
choline; later in the same experiment, this dose of hexamethonium only 
slightly reduced the acetylcholine response, but 0-2 ml. of 10-* g/ml. hexa- 
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methonium was sufficient to abolish it. In another experiment, two injections 
of 0-2 ml. of 10-* g/ml. hexamethonium at a 4 min interval were required to 
abolish the response to 0-2 ml. of 10~* acetylcholine. The response to 0-2 ml. 
of 10 g/ml. nicotine was abolished at the same time. 


Fig. 7. The blocking effect of p-tubocurarine on the sensory discharge set up by acetylcholine. 
The following were injected during the periods signalled. (a) Locke’s solution, 0-2 ml.; 
(b) acetylcholine, 0-2 ml., 10- g/ml.; (c) acetylcholine, 0-2 ml., 10~¢ g/ml. immediately after 
p-tuboourarine, 0-4 ml. 10-* close arterially. (d) acetylcholine, 0-2 ml., 10-*g/ml., 25 min after 
D-tubocurarine. 

D-Tubocurarine. The action of p-tubocurarine was similar to that of 
hexamethonium. When injected close arterially into the preparation, it 
prevented excitation by subsequent injections of acetylcholine (Fig. 7) but 
did not affect excitation by touch or injected 1-2 % potassium chloride. The 
effect of D-tubocurarine was tested on two different preparations; in one, 
0-2 ml. of 10-* g/ml. p-tubocurarine abolished the response from 0-2 ml. of 
10- g/ml. acetylcholine, while in the other 0-4 ml. of the same concentration of 
D-tubocurarine was required. With these doses of D-tubocurarine, acetyl- 
choline, responses began to return in about 5 min. In one icici the 
injection of p-tubocurarine itself elicited a small discharge. 


DISCUSSION 


The results described in this paper strengthen the. argument (Brown & 
Gray, 1948) that the action of acetylcholine which causes the discharge of 
sensory impulses from skin is an effect on some part of the sensory pathway, 
sine they constitute experimental evidence that the sensory response is not 
secondary to the activity of any muscle in the skin. The concentrations that 
are found to give a well defined response are of the same order of magnitude as 
those which Brown é¢ al. (1936), using a comparable technique, required to 
excite a muscle twitch. The sensitivity of the sensory pathways in the skin 
thus appears to be similar to that of a region where the sensitivity to acetyl- 
choline is high and associated with normal function. 
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The action. potentials observed in the discharges evoked by acetylcholine 
fall into two groups by size. The larger spikes are of the same size as those 
obtained by gently stroking the hairs. The fibres subserving temperature and 
pain are always much smaller than those supplying the hair follicles (Zotterman, 
1936, 1939), and it may be safely assumed that the discharge of large spikes 
induced by acetylcholine comes from mechanoreceptors, mainly, if not 
entirely, from hair follicles. Some, at least, of the small spikes excited by 
acetylcholine probably also arise in mechanoreceptors, as they are similar in 
size and shape to those obtained by touching the skin. 

Although it has been concluded that the acetylcholine-excited impulses 
originate in mechanoreceptor pathways, it has been found that hexa- 
methonium and p-tubocurarine prevent further excitation by acetylcholine, 
without having any effect on the impulse discharge that arises on touching the 
skin. These substances are therefore not exerting their effect by blocking 
conduction in the sensory nerves. The block is thus similar to that produced 
by nicotine, acetylcholine (Brown & Gray, 1948) and a-lobeline in suitable 
doses. The facts that these three stimulating agents will block themselves and 
others of the group, and also that hexamethonium and p-tubocurarine have 
been shown to block the effects of both acetylcholine and nicotine indicates 
that all these substances act at the same site. 

Since the sensory response to touching the skin is apparently wnathoted 
when the response to acetylcholine has been abolished by one of these blocking 
agents, it must be concluded that acetylcholine plays no part in the normal 
excitation of sensory impulses at mechanoreceptors and that these sense organs 
cannot possess anything in the nature of a synapse with acetylcholine as 
a transmitter. 

The response to acetylcholine may not be a physiological process, none the 
less it is of some interest because it may give information about the terminal 
portions of the sensory axon in which the impulses are initiated. Some authors 
have considered (e.g. Bernhard, Granit & Skoglund, 1942; Gray & Malcolm, 
1950) that, in the case of mechanical receptors, it is unnecessary to assume that 
the axon terminals differ from the rest of the axon. On the other hand, the 
observation of Katz (1950), that the negative after-potentials in the frog’s 
muscle spindle were larger than in nerve, might be better explained by 
assuming some specialization of the terminals. This observation may, how- 
ever, be peculiar to muscle spindles, as the impulses so far recorded from 
Pacinian corpuscles do not show these negative after-potentials (Gray, 1947; 
Alvarez-Buylla & Ramirez de Arellano, personal communication). Since 
the available evidence (for references see Brown & Gray, 1948) indicates that 
nerve fibres are not excited by externally applied acetylcholine, the discharge 
obtained by close arterial injections of acetylcholine into the skin probably 
arises from the sensory terminals, in which case, there is at least one respect 
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in which the sensory endings differ from the rest of the sensory axon. That this 
property is special to sensory endings and not common to all nerve terminals 
having @ similar morphology, is suggested by the experiments of Brown & 
| MacIntosh (1939) and Brink, Bronk & Larrabee (1946). They made close 
arterial injections of acetylcholine into sympathetic ganglia in the cat and 
observed no impulses in the preganglionic fibres. 

It is generally assumed that nicotine-like drugs and their antagonists act in 
the peripheral nervous system only at certain specialized regions, i.e. the 
\ autonomic synapses. Indeed, numerous pharmacological analyses depend on 
just such an assumption. But it is clear that, since these various drugs excite 
sensory nerve mechanisms in the skin, their action can no longer be regarded 
as so narrowly confined. 

The antagonism between the actions of nicotine-like drugs and hexa- 
methonium and pD-tubocurarine on the sensory pathways of the skin appears at 
+ __ first sight analogous to the effect observed at autonomic ganglia. Abolition of 
the ganglion response to the nicotine-like drugs, however, entails block of the 
normal autonomic function: transmission across the ganglion is blocked. The 
behaviour of the skin sensory mechanisms is, on the other hand, strictly 
analogous to the behaviour of the carotid body. In the carotid body hexa- 
methonium abolishes the response to nicotine-like drugs without influencing 
the normal sensory function of signalling oxygen lack (Douglas, 1951, 1952). 
The sensitivity of the carotid body to these pharmacological agents cannot 
therefore be taken to indicate that its mechanism differs fundamentally from 
other sense organs, or to indicate that it possesses a synapse. 


SUMMARY 


1 1. Close arterial injections have been made into cat’s skin and action 

potentials recorded from the sensory nerve of the area. 
2. The afferent discharge set up by an injection of acetylcholine has been 

analysed, and the possibility that it is due to activation of muscle fibres in the 

skin has been excluded. The effect is attributed to a direct action on the 

sensory pathway. 

T 3. Sensory discharges have also been seen after injections of a-lobeline. 

4. Hexamethonium or p-tubocurarine prevented the initiation of a sensory 
discharge by acetylcholine. Neither of these substances appeared to interfere 
with the response to touch. 

5. These results are discussed in relation to sensory function and also to the 
interpretation of pharmacological analyses using these drugs. 
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The first evaluation of the dye bromsulphalein (BSP) as a method of testing 
hepatic function was made in rabbits by Rosenthal & White (1925). They 
stated: ‘Normally it (bromsulphalein) is rapidly removed from the blood 
stream through the activity of the liver cells, since, when the liver is extirpated, 
it is retained in the blood serum almost in toto during the early period following 
its injection.’ However, no data were given for animals in whick the liver was 
extirpated. 

In further experiments removal rates of BSP were measured in man after 
the intravenous injection of 5 mg/kg (Rosenthal & White, 1924). They found 


that a 68 % loss of the amount injected occurred within 3 min after injection 


and a 98-100 % loss in 15 min. Bromsulphalein appeared in the bile 4 min 
after injection. 85 °/, excretion of BSP in the bile occurred in 2 hr. Brom- 
sulphalein was found only in traces or not at all in the urine. A standard 
amount of injury was produced in three rabbits by ligating approximately 
80 % of the liver and subsequently removal rates of BSP were determined. 
A 30 % loss of the amount injected occurred 3 min after injection, a 37 % loss 
in 1 hr, a 57 % loss in 2 hr and a 77 % loss in 3 hr. 

Bradley, Ingelfinger, Bradley & Curry (1945), Myers (1947), Culbertson, 
Wilkins, Ingelfinger & Bradley (1947), Ingelfinger (1947) and Bearn, Billing & 
Sherlock (1951) have used the BSP extraction method for the estimation of 
hepatic blood flow in man. But, although the validity of the method is 
dependent upon the removal of BSP exclusively by the liver, this has never 
been conclusively demonstrated. 
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Measurements of hepatic blood flow in dogs by the BSP method have been 
reported (Werner & Horvath, 1952). The values reported were higher than 
hepatic flows determined by other methods such as the thermostromuhr 
(Grab, Janssen & Rein, 1929; Schwiegk, 1932; Soskin, Essex, Herrick & Mann, 
1938; Grindlay, Herrick & Mann, 1941; Grodins, Osborne, Ivy & Goldman, 
1941). 

In preliminary studies the extrahepatic loss of BSP in the dog was estimated 
to average about 20 % (Werner & Horvath, 1952), in agreement with the data 
of Brauer & Pessotti (1949, 1950), but considerably lower than the 50 % loss 
reported by Cohn, Levine & Streicher (1947) and Cohn, Levine & Kolinsky 
(1948). When hepatic flows were corrected for the 20 % extrahepatic BSP 
loss, the values obtained were in close agreement with the data from other 
methods (Werner & Horvath, 1952). However, it was necessary to determine 
the exact amount of extrahepatic loss of BSP in order to evaluate the BSP 
extraction method for the estimation of hepatic flow. 


METHODS 


Adult mongrel dogs, 11-23 kg in weight, were fasted for 20 hr prior to hepatectomy. Fourteen 
dogs weré anaesthetized by the intravenous injection of 30 mg pentobarbitone sodium per kg 
body weight. Two dogs were anaesthetized with ether. Under fluofoscopic guidance a catheter 
was put through the right external jugular vein into the right ventricle or pulmonary artery of the 
dogs in which cardiac output was measured. An indwelling needle or catheter was placed in the 
femoral artery. All animals were heparinized, 5 mg/kg. The bladder was emptied before hepat- 
ectomy. A 5 % (w/v) glucose solution was infused at the rate of 2 ml./min during and after 
hepatectomy. 

Hepatectomy was performed according to the method of Firor & Stinson (1929), with several 
modifications in addition to the substitution of pentobarbitone sodium for ether in the majority of 
the animals. The pyrex cannula was coated with silicone. The diaphragmatic ligature was placed 
in the vena cava above the liver after the cannula was in situ. The cannula was inserted and — 
securely tied into the vena cava anteriorly and posteriorly before the portal vein was attached to 
the sidearm of the cannula. The same plane of anaesthesia was maintained during and after 
hepatectomy probably because pentobarbitone sodium is detoxicated by the liver (Maynert & 
fe cageaa Ether anaesthesia was continued after hepatectomy in the two animals given 
In five dogs a priming dose of 20 mg BSP was injected into a foreleg vein after hepatectomy, 
followed immediately by an infusion of 0-10 mg BSP/ml./min for 1 hr. In eleven dogs 20 mg of 
BSP were injected into a foreleg vein, followed 20 min later by a 10mg injection of BSP. The plasma 
volume was measured in ten dogs by an injection of 10 mg of 'T 1824 (Price & Longmire, 1942). 
Blood samples were withdrawn from the femoral artery at 5 min intervals during the first hour 
after the last injection of BSP and thereafter at 15 min intervals up to 3 hr. Five ml. of blood 
were collected in a dry syringe. The hematocrit value was determined by the Wintrobe tube 
technique at least once during each hour. Blood was also obtained from the right heart for the 
estimation of cardiac output by the Fick principle before and 20 min after hepatectomy. Urine 
was collected from the bladder at the end of each experiment. Blood was analyzed for its oxygen 
and carbon dioxide content by the method of Van Slyke & Neill (1924). Oxygen capacity was 
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The preparation of the blood samples for the analysis of BSP was the same as previously 
described (Werner & Horvath, 1952). The concentration of BSP in the plasma of five dogs was 
determined in an Evelyn photoelectric colorimeter. The BSP and T1824 of the plasma of the 


Calculations 

The plasma volume was calculated for each animal given T1824. Plasma volume was estimated 
as 4-2 % of body weight in those dogs in which it was not measured. 

Bromsulphalein was read at 580 mp, and T1824 at 620 mp in the DU Beckman spectro- 
photometer. Bromsulphalein does not interfere with the determination of T1824 at 620 my. In 
order to determine BSP at 580 my a correction must be made for the interference of T 1824 when 
alkali is added. The following formula was derived for the simultaneous determination of BSP 
and T1824: let Lys ..,, be observed value of E(log/,/J) at 620 my for a solution (1 cm thickness) 
containing z % of BSP and y % of T1824. Similarly, let 2,4, ,,,, be the observed value at 580 mp. 


ES 


= my + 580 mys 


z= Fins 


RESULTS 


Disappearance of dye 

A 32 % loss of BSP in the first hour occurred in five animals in which BSP was 
both injected and infused for 1 hr. There was a 36 % loss of BSP in the first 
hour in eleven animals in which BSP was injected only. The loss of BSP in the 
first hour was not significantly different with or without infusion of BSP 
during the hour, s.z.=4-4, t=0-9. In the twelve animals observed for 2 hr 
after injection the BSP loss amounted to 47 %. At value of 2-3 was obtained, 
indicating a significant difference between the first and second hour. The BSP 
loss in four dogs was 56 °%, at the end of 3 hr after the last injection of the dye. 
The loss of the dye at the end of the third hour was not significantly different 
from the second hour, t=0-9. A typical curve showing the percentage retention 
over a 3 hr period of the injected BSP is illustrated in Fig. 1. 

The loss of BSP in the urine after hepatectomy ranged from 0-01 to 0-13, 
with a mean loss of 0-06 °% of the amount injected. One half of the animals 
produced no urine after hepatectomy. The greatest urine production was 
7-5 mal. /hr. 

The disappearance rate of T1824 in the plasma of normal dogs was pre- 
viously determined to be 15 % in the first hour following injection, s.z.= 1-4. 
After hepatectomy the total loss of T1824 was 14-5 % at the end of the first 


hour, 19 % at the end of 2 hr and 22 % at the end of 3 hr following injection. 
9—2 


4 
= constant z 
> 


132 STEVEN M. HORVATH AND OTHERS 


There was no significant difference between clearance of T1824 in the first 
hour in normal and hepatectomized dogs, t=0-2. The amount of T1824 
remaining over a 3 hr period in dog 14, together with the curve of BSP, is 
illustrated in Fig. 1. BSP disappeared on the average in all animals 2} times 
as rapidly as T1824. The percentage losses of BSP and T 1824 in individual 
dogs are listed in Table 1. 
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Fig. 1. The percentage of bromsulphalein and T1824 (Evans Blue) remaining in the 
plasma of hepatectomized dog No, 14. 
TasLz 1. The percentage loss of bromsulphalein and T 1824 in the plasma 
of the hepatectomized dog 
Time after injection 
2 hr Shr 
BSP T1824 T1824 BSP T1824 

2. 26 31 — — 
3 50 23 — 
4 34 7 — — 
7 38 47 — 
10 36 60 singe 
ll 20 19 24 37-5 
12 22 9 36 18 — — 
13 - 47 12 71 23-5 78 35 
14 35 6 52 12 57 18 
15 27 5 34 9-5 39 14 
16 38 7 48 14 48 21 
Mean 35 14-5 47 19 55 22 
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Survival and state of the animal 

The survival of those heparinized dogs under pentobarbitone sodium 
anaesthesia ranged from 1 to 4$hr with a mean survival time of 2} hr. 
Respiration ceased during the second hour in three dogs and was maintained 
artificially by an Emerson resuscitator until death. The two animals anaesthe- 
tized with ether survived no longer than the animals anaesthetized with 
pentobarbitone sodium. In all animals respiratory activity ceased prior to 
cardiac activity. 

Hyperventilation was a consistent phenomenon in all animals following 
hepatectomy. The carbon dioxide content of both the arterial and venous 
bloods were lower than the controls. The respective ¢ values were 5-2 and 3-7. 
There appeared to be an increase in the hematocrit. However, the oxygen 
capacities of arterial and venous bloods did not differ significantly before and 
after hepatectomy, the respective ¢ values being 0-8 and 1-0. The apparent 
change in the hematocrit could have been due to a change in cell size. 

The cardiac output was reduced to 30 % of control value after hepatectomy 
(Table 2). There was a diminished oxygen usage of the animal (t=5-9) and the 
arterial-venous oxygen difference was increased (t= 2-6). Two hours following 
hepatectomy the oxygen consumption is significantly less than in the first 
hour, ¢=5-2. These data show a progressive decrease in oxygen consumption. 


TaBLE 2. Blood gases, oxygen consumption and cardiac output before and 


20 min after hepatectomy 
(Eight animals, mean weight 14-8 kg) 
O, content CO, content 
(ml./100 ml.) (ml./100 mi.) 
(ml/min) (ml/min) Arterial venous Arterial venous 
Before hepatectomy 7 
Mean 2168 80 18-6 14-7 45-9 49-6 
8.5. 198 76 0-8 0-9 13 1-1 
20 min after hepatectomy 
Mean 644 57 20-0 10-6 29-7 37-0 
8.E. 83 4:8 0-9 1:3 0-6 


Following hepatectomy the plasma volume ranged from 3-5 to 4-8 with 
a mean of 4-2 % of body weight. The plasma volume was not measured prior 
to hepatectomy. Previously in this laboratory the plasma volume was 
measured in the same series of normal dogs which showed a disappearance of 
15 % of T1824 in the first hour after injection. The normal plasma volume 
ranged from 4-7 to 7-8 with a mean plasma volume of 5-8 % of body weight. 
Large volumes of blood were not lost during hepatectomy, except for that 
present in the liver, and glucose was constantly infused. No change in oxygen 
capacities of the blood was observed. It is probable that the plasma volume 
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did not change greatly after hepatectomy and the mean value of 4-2 % of body 
weight approximately represents the true plasma volume both before and after 
hepatectomy. 


DISCUSSION 

The average survival of the dogs in this series, 24 hr, contrasts with the longer 
survivals obtained by Firor & Stinson (1929), but is in general agreement with 
Clay & Ratnoff’s results (1950) when they did not post-operatively transfuse 
their dogs. The shorter survival time of the hepatectomized dogs reported 
here may be due to two factors, (a) the administration of pentobarbitone 
sodium which remains unchanged in the animal following hepatectomy since 
it is detoxicated by the liver, and (6) the administration of heparin shortly 
before hepatectomy with resultant minute bleeders as long as the animals 
survived. In two animals anaesthetized with ether, the anaesthesia was 
continued after hepatectomy was completed in order to obtain the cardiac 
output and repeated arterial samples. These two animals survived no longer 
than those anaesthetized with pentobarbitone sodium. The method of hepat- 
ectomy used here differs from other methods in that anaesthesia continued 
after hepatectomy until death of the animal occurred. 

The normal state of the experimental animals was markedly altered by 
hepatectomy. The cardiac output was greatly reduced. Although blood 
pressures were not measured, the greatly reduced cardiac output indicated 
that the animals were at shock levels even though anti-shock measures such 
as warming and elevation of the hind quarters had been instituted. Pooling 
of blood in the splanchnic bed might have been a possible reason for the reduced 
cardiac output. Splanchnic engorgement was grossly apparent after hepat- 
ectomy, although the venous drainage from the portal bed was patent. It is 
probable that any means of increasing the cardiac output would increase the 
time of survival after hepatectomy. Clay & Ratnoff (1950) increased the 
survival time from 4} to 9} hr after hepatectomy by means of post-operative 
transfusions. Plasma or whole blood would serve to increase the cardiac 
output. 

A significant decrease in oxygen consumption also reflected the abnormal 
state following hepatectomy. Further, the venous blood had a lower oxygen 
content after hepatectomy so that oxygen which was transported was being 
utilized to a much greater extent than under normal conditions. 
Hyperventilation began immediately following hepatectomy. The acid- 
base balance of the blood must have been altered by the low carbon dioxide 
content. Respiration ceased an hour or so before death occurred in several 
dogs and artificial respiration was begun, occasionally with a 95 % oxygen 
and 5 % carbon dioxide mixture. In dog no. 5 the carbon dioxide content of 
the arterial and venous blood were 27-2 and 34-3 ml./100 mil. respectively 
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20 min after the gas mixture was begun. The carbon dioxide of the blood 
remained reduced even when the animals breathed the gas mixture. 

The rate of disappearance of T1824 in normal dogs in this laboratory, 
15 % per hr, was on the high side of normal (Dawson, Evans & Whipple, 1920; 
Gregersen, Gibson & Stead, 1935; Price & Longmire, 1942). The disappearance 
of T1824 was not significantly different after hepatectomy, even though the 
physiological state of the animal was markedly changed. Study of the 
disappearance curves of T1824 in normal and hepatectomized dogs show that 
the dye left the circulation at nearly logarithmic rates. The rate of disap- 
pearance of T1824 in normal and hepatectomized dogs was identical with 
the rate previously observed by Cohn et al. (1948) in nephrectomized-hepat- 
ectomized-eviscerated dogs. Capillary permeability in the hepatectomized 
dog does not seem to have been altered in spite of other profound changes 
which occurred. 

Although bromsulphalein disappeared from the plasma in the absence of the 
liver, BSP was not excreted by the kidneys in significant amounts. The rate 
of disappearance of BSP varied from 20 to 50 °% in the first hour after injection. 
In view of the normal rate of disappearance of T 1824 in the hepatectomized 
dogs it would appear that the extrahepatic loss of BSP was also within its 
normal ranges. Although the rate of removal of BSP in these hepatectomized 
animals was very similar to the rate reported by Rosenthal & White (1924) in 
their three rabbits with 80 °, of the liver ligated, the urinary loss of BSP was 
much less. Brauer & Pessotti (1950) reported a smaller loss, while Cohn e¢ al. 
(1947, 1948) found a larger loss than was observed in the present series of 
animals. Bradley’s (1950) findings in five eviscerate-hepatectomized dogs 
that total BSP removal decreased to less than 5% of control were not 
confirmed. 

A significant amount of dye was removed from the plasma of the hepat- 
ectomized dogs reported here, although a much smaller amount of BSP was 
injected than was given by Cohn et al. (1948) to their dogs. Cohn e¢ al. (1948) 
produced very high levels of serum BSP in their nephrectomized-hepatecto- 
mized-eviscerate dogs in an attempt to ‘saturate’ peripheral tissues. They were 
unable to demonstrate saturation with serum levels as high as 100 mg/100 ml. 
Mendeloff, Kramer, Ingelfinger & Bradley (1949) have pointed out that 
a significant amount of dye was removed in Cohn’s dogs only because of high 
concentrations of BSP that persisted in the blood. From the data reported 
here in which the BSP plasma concentrations were in the range normally used 
to measure hepatic blood flow, the comments of Mendeloff et al. do not appear 
to be justified. 

The disappearance curve of BSP in the hepatectomized dog was similar to 
that in the intact animal except that time relationships were quite different. 
In the hepatectomized animal the disappearance exhibited two phases. There 
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was a loss of 30% during the first 35 min; thereafter the loss was nearly 
logarithmic at about 10 %/hr. 85-95 % of injected BSP is removed within 
5 min in the intact animal (Mills & Dragstedt, 1938) and there appear to be 
two rates of removal, a very fast removal in the first 5 min followed by a slower 
rate of removal over a longer time. Considerable evidence has accumulated to 
show that the reticulo-endothelial system removes BSP (Klein & Levinson, 
1933; Mills & Dragstedt, 1938). Mendeloff et al. (1949) have noted conflicting 
evidence regarding the reticulo-endothelial system and by inference stated 
that BSP is removed by hepatic polygonal cells. Bromsulphalein has been 
recovered in the bile in 27-100 % of the amount injected (Wirts & Cantarow, 
1942). Using **S tagged BSP nearly quantitative recovery of *S infused was 
obtained from liver, blood and bile (Brauer, Krebs & Pessotti, 1950). Brauer & 
Pessotti (1949) have shown that hepatic tissue takes up BSP in vitro inde- 
pendently of metabolic processes. 

Extrahepatic loss can be demonstrated in the intact animal by the fact that 
BSP disappears slowly from the blood after ligation of the common bile duct 
(Mendeloff et al. 1949). Brauer & Pessotti (1949) found that other tissues 
besides liver take up BSP in vitro, i.e. diaphragm, heart, lung, kidney, spleen 
and intestine. The dye apparently did not undergo chemical changes on being 
fixed by the tissues and could be recovered completely in a form chromato- 
graphically and spectrophotometrically indistinguishable from the original 
BSP. Brauer & Pessotti (1949) suggested, therefore, that BSP uptake is 
a physico-chemical process wherein BSP is bound to intracellular proteins. 
The capacity of proteins to bind BSP is increased with a decreasing pH. The 
hepatectomized dogs reported here were believed to be acidotic. In several 
experiments the pH of the blood after hepatectomy was found to be 6-8. This 
acidosis could cause a slightly larger extrahepatic BSP loss than would occur 
normally. 

Extrahepatic loss of BSP may become significant when BSP is injected and 
then infused in order to estimate hepatic blood flow, in spite of the fact that 
the extrahepatic loss may be a negligible amount when BSP is injected for 
a test of hepatic function. Brauer & Pessotti (1950) estimated that 77-89 %, of 
the BSP lost in the normal dog occurs in the liver. Mendeloff et al. (1949) stated 
that in face of the rapid removal of BSP by the normal liver, extrahepatic 
mechanisms function so slowly that their influence is probably negligible. 

From the data on the sixteen hepatectomized dogs reported here it is 
apparent that a mean rate of extrahepatic loss of BSP per hour would be of 
little value as a correction applied to the use of BSP in the determination of 
hepatic blood flow. Any determination of hepatic blood flow by the BSP 
method cannot be a quantitative but only a qualitative measurement because 
some of the dye is removed by extrahepatic mechanisms. 
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SUMMARY 

. Bromsulphalein (BSP) disappears from the blood of the hepatectomized 
dog. The rate of this disappearance varies from animal to animal, ranging 
from 20 to 50 % in the first hour after injection and continuing as long as the 
animal survives, 

2. The rate of disappearance of T1824 is normal following hepatectomy 
which suggests that the extrahepatic loss of BSP is within its normal ranges. 

3. The state of the animal is markedly altered by hepatectomy : cardiac 


output is reduced, oxygen consumption is decreased and the carbon dioxide 
content of the blood is decreased. 


4. Any measurement of hepatic blood flow by the BSP extraction method 
must be considered a relative measurement. 


The authors are indebted to Mrs Wesley F. Frohardt and Mrs L. Earl Tabler for their aid during 
portions of the investigation. 
The work was supported by a grant from the Life Insurance Medical Research Fund. 
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Measurements of membrane and action potentials in single fibres of cardiac 
tissue have been reported by Woodbury, Woodbury & Hecht (1950) and Wood- 
bury, Hecht & Christopherson (1951) for the frog ventricle; and by Coraboeuf 
& Weidmann (1949a,6), Draper & Weidmann (1951) and Weidmann (1951) 
for conducting tissue of the mammalian ventricle. As yet no reports have 
appeared on the nature of auricular muscle fibre potentials. The experiments 
in this paper were carried out to measure the normal auricular potentials in 
the cat, and to provide a basis of comparison for later experiments on the 
effects of vagus stimulation and acetylcholine on the auricle (Burgen & 
Terroux, 1953). These auricular fibre potentials show some interesting points 
of difference from those of other tissues, and in particular the auricular muscle 
shows the smallest active membrane potential yet reported. 


METHODS 


The methods used to record the membrane potentials were based on those described by Nastuk 
& Hodgkin (1950) for the frog sartorius muscle. Preliminary experiments showed the rise time of 
the action potential to be slower in the cat auricle than in the sartorius so that the requirements for 
low capacity to ground on the input cathode follower were correspondingly less stringent. After 
trials of numerous input tubes the R.C.A. 1620 was found to be very satisfactory. No selection 
of these tubes was found necessary. They are exceptionally stable and noise-free with a grid current 
of +1 or 2x10-" A at 45 V anode potential. The input tube was mounted on the micromani- 
pulator stand so that a very short grid lead could be employed. Measurements of the total input 
capacitance with different electrodes gave values of 15-18 pF. The total time constant of the 
input section with a 20 MQ electrode in place was thus about 300-350 psec. The cathode follower 
input fed a high stability cross coupled d.c. amplifier whose output was led d.c. into one channel 
of a Cossor 1049 double beam oscilloscope. The output of the amplifier was also led through a 
100 psec differentiating stage into the second channel of the oscilloscope. The construction of the 
electrode carrier and return electrode was similar to those of Nastuk & Hodgkin. In the early 
experiments the silver-silver chloride spiral was sealed into a glass tube with de Khotinsky 
cement, but this proved troublesome owing to electrolytic corrosion and seepage of KCI, and has 
been replaced by a platinum-in-glass seal. Voltage calibration from a calibrated standard cell 
potentiometer was applied to the indifferent electrode. Time calibration was usually from 60-cycle 
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mains, but in some cases from a low-frequency sine-wave oscillator. Calibration of the differen- 
tiating network was carried out with a sine-wave oscillator and the final computation made by 
the method described by Hodgkin & Katz (1949). 

Glass electrodes with an external diameter of less than 0-5 » and a resistance of 15-65 MQ 
when filled with 3 m-KCl were employed. With such fine electrodes the shape of the penetrating 
tips is considerably more critical than is needed for puncture of skeletal muscle fibres. Satisfactory 
electrodes were made by a device similar to that described by Weale (1951). Schott micro- 
manipulator glass (0.D. 8 mm; wall thickness 1 mm) was first drawn out by hand to a capillary 
1 mm o.D. and about 0-1 mm wall thickness. This tube was then mounted vertically through the 
centre of a helix of platinum wire (0-3 mm) with a length of brass rod weighing 45 g suspended 
from the lower end of the tube. The helix consisted of five turns with an inside diameter of 2-5 mm, 
the turns being separated by the thickness of a sheet of paper. A heating current controlled 
by a Variac was passed through the helix. Two-stage heating greatly increased the yield of satis- 
factory electrodes. The procedure was as follows: the coil was heated to orange-yellow heat until 
the glass softened, as seen by slight angulation of the capillary (10-20 sec). The current was then 
increased to give a bright yellow glow of the helix, and maintained until the weight began to pull 
out the capillary (2-3 sec). The current was then immediately turned off, the fall of the weight 


breaking the capillary. With a little practice, up to 50 % of the electrodes produced were of, 


satisfactory shape, resistance and durability. 

Lean medium-sized cats (1-5-3 kg) were anaesthetized with intraperitoneal chloralose 
(80 mg/kg), supplemented when necessary with pentobarbitone (10-20 mg/kg). The heart was 
removed under artificial respiration and dissected rapidly in cool oxygenated Ringer-Locke: the 
auricles were removed from the ventricles, dissected clean, then opened out by an incision, from 
the tricuspid opening to the tip of the right appendage. The left auricle was discarded and the 
right auricle with its endocardial surface upwards pinned out by ite edges on a cork platform 
cemented in a Petri dish. The Petri dish was then mounted in a thermostat on the stage of a 
dissecting microscope. With this arrangement the temperature of the fluid in the muscle bath 
could be maintained within limits of + 0-2°C. The fluid was kept agitated and aerated with 100 % 
oxygen entering either by a sintered disk gas distributor or a simple circulating device immersed 
in the fluid in the Petri dish. The left auricle was not used because of the much denser sub- 
endocardial connective tissue and the greater thickness of the muscle, which makes satisfactory 
oxygenation of the tissue difficult. The right auricular appendage is very thin and in most animals 
the trabeculae are less than 1 mm thick. 

The auricles continued to beat spontaneously after separation from the ventricles and in many 
experiments the isolated auricular appendage maintained a spontaneous beat. In other experi- 
ments the auricle was driven at a suitable constant rate. The resting and action potentials re- 
corded from driven auricles were indistinguishable from those of spontaneously beating auricles. 
Stimulation of the muscle was carried out by a pair of platinum wires separated by 2-3 mm and 
insulated except at the tips, which were placed in the fluid 0-5 mm away from the surface of the 
muscle. The electrodes were connected to the floating secondary of an isolation transformer with 
a d.c, output resistance of 800. Stimulation was by rectangular pulses of 1-15 V and 1-4 msec 
duration. . 

The bathing solution was a Ringer-Locke with the sodium bicarbonate replaced by an equi- 
molar amount of sodium phosphate buffer. The composition was as follows: NaCl 149, KCI 5-6, 
CaCl, 1-9, Na,HPO, 4:5, NaH,PO, 1-5 mm/l.; dextrose 1 g/l.; pH 7-2. The ionic composition was 
therefore: Na+ 159-5, K+ 5-6, Cat+ 1-9, Cl- 158-4, HPO, 6 m/l. 

In experiments in which the potassium concentration was changed the concentration of sodium 
was changed correspondingly so that the sum of [Na+] +[K*+] remained at 165-1 mm. For low 
sodium experiments, NaCl was replaced by dextrose in isosmotic concentration. No allowance 
was made for any liquid junction potential at the internal electrode. As Nastuk & Hodgkin point 
out, it is unlikely that the junction potential is appreciable with 3 m-KC] in the electrode. 

All experiments were carried out at 36-38° C unless stated otherwise. 
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RESULTS 


With a suitable electrode, on gradual penetration of the endocardium the 
potential suddenly fell by 45-80 mV and then remained steady. Small move- 
ments of the tip of the electrode caused no measurable change in potential. 
On withdrawal of the electrode an equally abrupt return to the zero potential 
level occurred. Correct insertion of the electrode was usually easier in the 
beating auricle provided that the mechanical movement was not too vigorous. 
The auricle was always kept somewhat stretched to avoid excessive move- 
ment. Often the electrode remained in place for ten or more contractions, but 
provided that the resting potential was constant for more than two beats the 
measurements were considered acceptable. Electrodes with resistances under 
15 MQ have never been found suitable—the potentials recorded were smaller 
than usual and irregular. —_ 

The greatest difficulty in the measurements was in cases in which a clean 
penetration into the fibre had apparently been made and yet the resting 
potential increased with successive beats. Usually these unsatisfactory punc- 
tures were easily detected by slight irregularities in the resting potential level 
and by the fact that this potential could be altered by small movements of 
the tip of the electrode; but because an apparently clean puncture could yield 
a resting potential lower than its true value, it is probable that values falsely 
low are included in the results. These low values are probably caused by 
incomplete sealing of the cell membrane around the penetrating electrode, 
with a consequent partial short-circuiting of the membrane potential. Hearts 
with heavy fat deposits were especially difficult to puncture satisfactorily and 
for this reason lean cats were selected. Movement artifacts were fairly com- 
mon in vigorous hearts but could be easily identified by the outward distortion 
of the descending limb of the action potential. We found no evidence of a 
decreased resting or action potential up to within 3 mm of the cut edges of 
the muscle. After first setting up the heart the resting potential increased for 
about 30 min and then remained constant for many hours. 


Magnitude of the resting potential 

The resting potentials have been measured in 625 fibres in thirty-one 
normal spontaneously beating or driven hearts giving a mean value of 
60-4 + 4-68 mV (s.D.; s.z. of mean=0-19 mV). The coefficient of variation is 
thus 7-7 %. This variation is considerably larger than that found for the frog 
sartorius muscle by Nastuk & Hodgkin; but in view of the variations in form 
of the muscle fibres of the auricle as compared with the uniformity of the 
skeletal muscle fibres of the sartorius, the greater dispersion is not surprising. 
In the frog ventricle Woodbury et al. (1951) found an even larger range of 
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values. This dispersion greatly increases the difficulties of quantitative experi- 
ments on the heart. Resting potentials for individual fibres ranged from 36 to 
91 mV and the means for different hearts from 49-9 to 70-5 mY. The dis- 
tribution of the resting potentials is shown in Fig. 1. 


104 bg A 


Resting membrane potential (mV) 

Fig. 1. Resting potentials. A, distribution of mean potentials of thirty-one auricles; 
B, distribution of potentials of 625 fibres in the same thirty-one auricles. 


In other tissues investigated by comparable methods with 3 m-KCl in the 
internal microelectrode, Woodbury e al. (1951) found a mean value of 
64-5 mV for fibres of the frog ventricle; this mean value was constant over a 
_ temperature range from 0-2 to 30° C, and is close to the mean of 60-4 mV for 
the cat auricle at 37°C. Draper & Wiedmann (1951) reported means of 90 
and 94 mV at 37° C for conducting tissues of the dog and kid hearts respec- 
tively, and Nastuk & Hodgkin (1950) in frog skeletal muscle obtained a mean 
value of 88 mV. The relatively high potassium concentration in the bathing 
solution may be partly responsible for the low value for the resting potential 
found in the cat auricle. 

With the internal potassium concentration for the cat heart given by 
Crismon, Crismon, Calabresi & Darrow (1943) as 145 m.mole/kg intracellular 
water, the concentration ratio inside:outside=26:1. This ratio gives a 
theoretical K+ diffusion potential of 87-0 mV at 37°C. If we assume that the 
ion activities correspond to the ion concentrations, the measured potentials 
in the cat auricle are 69-4 °/, of the theoretical: Draper & Weidmann found 
87 % of the theoretical value for heart conducting tissue. 
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| The action potential 

: Some typical examples of action potentials are shown in Figs. 2 and 3, and 

it can be seen that the most striking feature is the asymmetry of the wave with 

a relatively abrupt rise and much slower fall. The falling phase lasts 8-20 
mV 
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Fig. 2. Action potentials of a single fibre in a spontaneously 

beating auricle, recorded on moving film. 
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0 250 500 msec 
Fig. 3. Resting potential followed by action potential in a spontaneously beating fibre. 
The upper beam shows the differentiated potential recorded simultaneously. 


times as long as the rising phase. While the contour of the rising phase is 
reasonably constant, that of the falling phase is subject to some variation of 
which there are two extremes with smooth falling phases (Fig. 4A,D). Many 
action potentials show a small hump on the descending phase (Fig. 4B,C). 
We have very occasionally seen spiked action potentials of much greater 
magnitude than usual in a very localized area of the auricle. These were very 
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similar in appearance and magnitude to potentials described by Draper & 
Weidmann (1951) for conducting tissue, and it does not seem improbable 
that the fibres punctured were nodal tissue or part of the bundle of Kent. 
The magnitude of the action potential has been surprisingly small, and 
averages 65-2+7-67 mV s.D. (s.z. of mean+0-31 mV) in 625 fibres giving 
a mean reversal of potential of only 4-7 mV. In Figs. 5 and 6 the distributions 
of action potentials and active membrane potentials are given for individual 
fibres and hearts. In many fibres the action potential was less than the resting 


a 


msec 
Fig. 4. Variations in the form of the action potential seen in 
different fibres of the same auricle. . 


potential, but there was no evidence that undershooting of the action poten- 
tial was due to poor condition of the heart. These small action potentials have 
therefore been included in the means. In only three hearts out of thirty-one 
did the mean active membrane potential exceed +10 mV. 

Whilst there was no correlation between the level of the resting potential 
and the active membrane potential, there was a significant correlation between 
the resting and action potentials. 

Table 1 summarizes data on the action potentials from one heart. The rates 
of rise and fall are of a different order as noted earlier, but the maximum rate 
of rise is only 11-6 V/sec at 37°. This slow rate of rise in auricle muscle fibres 
is in striking contrast to the 670 V/sec rise in conducting tissue of the dog 
heart at 37° (Draper & Weidmann, 1951), 630 V/sec in the squid axon at 
21° C (Hodgkin & Katz, 1949) and 470 V/sec in the frog sartorius at 17° C 
(Nastuk & Hodgkin, 1950). Woodbury et al. (1951) provide data that enable 
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an estimate of the maximum rate of rise in the frog ventricle to be given as 
about 10 V/sec at 19° C. 
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Fig. 5. Action potentials. A, distribution of mean potentials of thirty-one auricles; 
B, distribution of potentials of 625 fibres in the same thirty-one auricles. 
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Active membrane potential (mV) . 
Fig. 6. Active membrane potentials. A, distribution of mean potentials of thirty-one 
B, distribution of potentials of 625 fibres in the same thirty-one auricles. 


The rate of rise in the cat auricle is well within the capabilities of our 
recording equipment, and the absence of an initial spike on the action potential 
is not therefore due to attenuation of the rising phase of the action — 
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The maximum rate of fall of the action potential in this auricle was only 
0-8 V/sec. An estimate of the rate of fall in the frog ventricle in the experi- 
ments of Woodbury et al. (1951) at 23°C gives a similar value. Draper & 
Weidmann’s results (1951) do not allow more than a guess as to the maximum 
rate of fall of the a.P., but it appears to be in the range of 10-100 V/sec. These 
values may be contrasted with 380 V/sec for squid giant axon and 86 for the 
frog sartorius. 


TaBiz 1. Temporal characteristics of the action potential in fibres of a cat auricle 


8.8. of mean 
Action potential (mV) 67-5 +1-2 
Duration of a.P. at 20 % above base-line (msec) 148 +41 
Duration of a.P. at 80 % above base-line (msec) 30-3 +29 
Rise time from 20-80 % of a.P. t (msec) 8-6 +2°7 
Fall time from 80-20 % of a.P. t (msec) 109 +5-0 
Mean rate of rise of a.P. (V/sec) 4:7 _ 
Maximum rate of rise of a.P. (V/sec) 114 +21 
Mean rate of fall of a.p. (V/sec) 0-37 _ 
Maximum rate of fall of a.r, (V/sec) 0-80 +0-03 
maximum rate of rise of a.P. 145:1 | 
Ratlo uf rete of 42:5) 
Area bounded by the action eal a curve and 3-6 
by the aeaniies at 20 80 % of the total 
a.P. height (mV/sec) 
Calculation : | 
{Duration at 20 % of spike height +duration at 80 % of spike height} x a.p. x 0-6 
Heart rate, 178/min 


It must be pointed out that the rate of repolarization in the auricle depends 
on the rate of beating. This effect has been analysed by Woodbury et al. 
(1951) with intracellular recording and previously by other workers with 
gross monophasic recording. The repolarization rate given above is therefore 
applicable only to the example used, and with fast auricular rates the maxi- 
mum rate of repolarization may reach 2 V/sec. 


After potentials 

Whether part of the normal repolarization phase can be regarded as a 
negative after potential rather than as part of the spike potential is open to 
debate, but there is no obvious discontinuity in the repolarization curve which 
can with confidence be regarded as a point of division between the two. We 
have found no evidence of any supernormal phase in the recovery curve 
which might be expected to correlate with a negative after potential. Positive 
after potentials were recorded in a minority of hearts. They were usually 
small, never exceeded 10 mV in magnitude, and were a characteristic of the 
heart rather than of the individual fibres. Both Woodbury et al. (1950) and 
Draper & Weidmann (1951) encountered similar potentials. The latter authors 
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found that the positive after-phase decreases till the origin of the succeeding 
action potential and suggested that these potentials are really negative 
pre-potentials. 


247° 
Fig. 7. Change in form of the action.potential of auricular fibres with change of temperature. 
The auricle was driven at a constant rate of 1-8 stimuli/sec throughout the experiment. 


| Effects of changes in temperature 

The effects of temperature on the form of the action potential are inter- 
esting (Fig. 7). With fall of temperature the rate of rise of the action potential 
was affected to only a trivial extent between 38 and 24°C, but the time of 
fall was markedly prolonged, giving an approximately linear relationship — 
between temperature and the duration at 20 % of the action potential height; 
however, at 80 % of the a.p. height little prolongation was present. The 
recovery phase became biphasic as the temperature was lowered and resembled 
more closely the spiked action potential found by Draper & Weidmann (1951) 
in dog’s conducting tissue at 37° and by Woodbury ef al. (1951) in the frog 
at a relatively high temperature for the frog ventricle (30° C). Unfortunately, 
conduction becomes uncertain in the cat auricle below 23° C and results were 
therefore not obtained at low enough temperatures to establish whether the 
spiked character disappeared again at low temperatures as the data of 
Woodbury e¢ al. (1951) might suggest. In all three experiments carried out 
the size of the action potential was at its maximum between 24 and 28° C 
with a mean increase of nearly 10 mV over the 38° C level, while at the same 
_ temperatures the resting potential was increased by only 2-3 mV. 


Effect of potassium concentration on the resting potential 
The effect of increased external potassium concentration on the resting 
potential is shown in Fig. 8. At least twelve determinations of resting potential 


were made at each potassium concentration for each heart; the points on the 
10—2 
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curve represent the mean’ values for three hearts. All measurements were 
made within 10-20 min after changing the external potassium concentration 
to minimize the effect of possible changes in cell potassium. Boyle & Conway 
(1941) found appreciable changes in the internal potassium of the frog sar- 


2 5 10 20 ) 100 200 
mm-K* (log scale) 


Fig. 8. The fleet of te conesntention 
on the resting potential. Mean values from three auricles. 


At concentrations greater than 10 ma the points fall on a straight line with 
a slope of 38 mV for a tenfold change in potassium, but at lower concentrations 
the slope becomes progressively less steep till between concentrations of 5-6 
and 2-8 mo there is a difference in resting potential of 1-8 mV only, or 6-0 mV 
per tenfold change in potassium. The slope of this curve is very similar to 
that of Ling & Gerard (1950) for the frog sartorius, which gives a 44 mV 
difference for a tenfold change in potassium except at low K+ concentrations. 
The 38 mV per tenfold change in K+ concentration in the present experiments 
reaches only 62 % of the theoretical value (61-5 mV) for a K+ diffusion cell 
at 37° C. 


Effect of potassium concentration on the action potential 
Reducing the KCl concentration to 2-8 mm produced no clear-cut changes 
in the action potential. In potassium-free Ringer, conduction of the impulse 
_ soon failed, but immediately prior to this little change in the a.P. was apparent. 
Raising the external potassium concentration to 8-4 mm left the form of the 
action potential approximately normal but slightly reduced its amplitude. 
In 11-2 mm-KCl or greater concentrations, conduction failed and malformed 
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electrotonically propagated potentials were seen (Fig. 9), The space constant 
of these potentials was 1-1-5 mm. 


mV 
—20 


r 
0 100 200 msec 
Fig. 9. Action potential of a fibre in a driven strip of auricle. The K*+ concentration has been 
raised from the control value of 5-6 to 16-8 ma. This action potential was not conducted. 


Effect of lowered sodium concentration 

Lowering the external sodium concentration to 50 % of its normal value 
led to a failure of conduction in many auricles, making quantitative results 
difficult to obtain. The resting potential was not affected by low sodium con- 
centration, and in the few hearts in which conduction was maintained, the 
height of the action potential fell. Insufficient results were obtained to test 
whether the change in a.P. conformed with the changes predicted from the 
diffusion equations. The form of the action potential was not greatly affected, 
but in general the recovery phase was slightly prolonged; nothing comparable 
to the very short a.p. seen by Draper & Weidmann (1951) in a ventricular con- 
ducting tissue was seen. 


DISCUSSION 


On the theory of the development of the action potential put forward by 
Hodgkin and his collaborators, the rise of the action potential is due to a 
transitory increase during activity in the selective permeability of the mem- 
brane to sodium compared to that for other ions. In no case so far recorded 
has the action potential reached the theoretical value for a perfect sodium 
electrode. This is understandable if it is realized that the permeability to 
sodium is only relatively greater than that to other ions, in particular, potas- 
sium. If the sodium permeability were to become only a few times greater 
than that to potassium during activity, the magnitude of the action potential 
would approximate to the magnitude of the resting potential and the active 
membrane potential would be zero. It follows also that if the permeability 
to sodium were relatively low during the rise of the action potential, the rate 
at which current could be transported across the membrane to discharge the 
membrane capacitance would also be low. Thus within limits both the rate 
of rise of the action potential and its ne will be mutually affected by 
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a change in sodium permeability, as they are by a change in external sodium 
concentration (Hodgkin & Katz, 1949). It is likely therefore that the slow rate 
of rise and the relatively small size of the action potential found in the cat 
auricle are mutually consistent, and may be due to a much lower relative 
permeability to sodium ions during activity than is the case in nerve or 
skeletal muscle. 

In conducting tissue of the ventricle, on the other hand, Draper & Weid- 
mann (1951) find a large action potential with a very rapid rate of rise and 
a conduction rate of 2 m/sec, and only in the late long-lasting repolarization 
phase does the’ conducting tissue differ from skeletal muscle. The auricle 
conducts at only 0-3-0-5 m/sec and this slow conduction would be predicted 
from the local circuit theory as a cofollary of the slower rate of rise of the 
action potential. The diameters of the auricular muscle fibres and the con- 
ducting bundle fibres in the mammalian heart are very similar (about 30,). 

A possible explanation of the difference between auricular muscle and the 
conducting bundle may be that the latter has a very active and abundant 
sodium ‘carrier’, whereas the former has only a sparse amount of the carrier. 

Consideration must be given here to the nature of the potential recorded 
with an internal microelectrode. Potentials generated anywhere in the fibre 
will be integrated by the focal electrWle. The magnitude of these contributions 
can be predicted from cable theory; with static potentials (i.e. resting poten- 
tial) the contribution will be determined by the space constant providing that 
the potential differences are small. With rapid changes of potential, this con- 
tribution will be determined by both the space and time constants of the fibre. 
With the sweep speed used in the experiments reported here, the rising phase 
of the action potential cannot be studied in detail, but some distortion of the 
rising phase might be expected from electrotonic spread in advance of the 
wave front. The much larger duration of declining phase, however, leaves 
ample time for distortion by electrotonic influence. That is, the declining phase 
of the action potential recorded locally will be affected by the manner of dis- 
appearance of the action potential for some 2-3 space constants beyond the 
electrode, i.e. 2-5 mm. Bearing in mind that the auricle is a syncytium, it is 
certain that the path taken by the spreading impulse is subject to much varia- 
tion, and it is probable that this is responsible for the diversity of descending 
limb shapes seen in Fig. 4. It would be expected that if the rate of repolariza- 
tion were increased, the descending limb would be less subject to these dis- 
tortions and the following paper shows that this is indeed the case. 

The form of the electrocardiographic derivative of the heart membrane 
potentials will be closely related to the second derivative of the membrane 
potential, integrated throughout the contributing muscle mass. 

The second differential of the membrane potential recorded from the 
auricle will give an initial diphasic wave due to the rising phase of the action 
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potential followed immediately by a very shallow and protracted second 
diphasic wave which is the auricular T wave (Ta). This is of such small 
magnitude that it is not normally visible in the electrocardiogram. To obtain 
a sizable end deflexion necessitates the presence of a level plateau between the 
upstroke and a fast downstroke so that an isoelectric interval is present in the 
second derivative between the first and second phase. Woodbury et al. (1950, 
1951) have found in the frog ventricle just such a condition which on double 
differentiation gives a curve resembling the axial RST complex. It should 
therefore be noted that whereas the QT interval may be a reasonably accurate 
measure of the duration of electrical activity in the ventricle, if the P-Ta 
interval can be measured it will give a totally erroneous estimate of the duration 
of activity in the auricle. 

Churney, Ashman & Byer (1948), by double integration of the electrograms 
of heart muscle strips, were able to predict that the falling phase of the 
membrane potential must have the contours described in Woodbury’s and in 
our experiments. It appears dangerous at the present time to generalize about 
the heart as a whole from a study of only one of its component elements. The 
differences between the conducting tissue and the auricle muscle are very 
great and it would be rash to predict the precise form of the action potential 
of ventricular muscle of the mammalian heart. 


SUMMARY 


1. Membrane resting and action potentials of the cat right auricle have 
been studied with intracellular electrodes. 

2. The mean resting potential is 60-4 mV and the action potential 65-2 mV 
measured in 625 fibres in thirty-one normal hearts. 

3. The action potential has a brief rising phase with a maximum rate of 
rise of about 10 V/sec and a prolonged falling phase lasting 100-350 msec. 

4. With fall of temperature the recovery phase becomes greatly prolonged 
and markedly biphasic. 

5. When the external potassium concentration is increased the resting 
potential decreases inversely with the logarithm of the potassium concentra- 
tion. The change in potential with a tenfold change in K* is only 38 mV. 


We are indebted to Dr P. Sekelj for advice on electronic problems and to Dr B. Delisle Burns 
for helpful discussion. 
This work has been generously supported by a grant from the National Research Council of 
Canada. 
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HUMAN SALIVARY AMYLASE SECRETION 
IN RELATION TO DIET 


By BERNARD T, SQUIRES 
From Lobatsi, Bechuanaland Protectorate 


(Received 19 May 1952) 


At the beginning of this century, the question of adaptation of salivary 
amylase secretion to diet received much attention. Among others, Neilson & 
Terry (1906), Simon (1907), and Neilson & Lewis (1908) contended that 
continued subsistence on a predominantly carbohydrate diet caused the 
secretion of saliva with increased amylolytic activity; on the other hand, 
Mendel & Underhill (1907) submitted evidence to show that no adaptation 
took place. In these investigations, Neilson & Terry, and Mendel & Underhill 
used dogs, whilst Simon, and Neilson & Lewis employed human subjects. The 
experimental periods lasted from a few days to a few weeks. 

Since then, little work seems,to have been published upon the subject; 
nearly all recent work on human salivary amylase is directed towards its 
association with dental caries, whilst such modern text-books of physiology 
as it has been possible to consult tend to emphasize only the physical adapta- 
tion of saliva to diet. The problem can obviously be approached from a different 
direction, namely, by estimation of salivary amylase in groups of subjects who 
have lived all their lives upon a diet peculiar to each group, and in which diet 
one variety of foodstuff is predominant. This paper records the results of such 
an approach by the investigation of three different groups of subjects, in 
relatively close geographical propinquity, yet living on very different types of 
food. In addition to this, as will be shown later, it has been possible to investi- 
gate the saliva of a small number of subjects in one group after they had been 
living for 3 months on a different diet. The results of this work indicate that 
in the human subject salivary amylase activity is related to the carbohydrate 
content of the diet. 


SUBJECTS AND DIETS 
Group I, ninety in number, consisted of adult Tswanas, young or middle-aged, 
of the Bechuanaland Protectorate. All were in good health, and all lived the 
primitive rural life of a Tswana community. The varieties of food consumed by 
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these people, and the annual food cycle have been described elsewhere (Squires, 
1949). 

Briefly, the diet is predominantly carbohydrate in character, the chief and 

only regular constituent being Kaffir corn (sorghum) or maize, prepared as 
porridge. Other constituents are meat, milk, fruit and vegetables in season, 
but these are consumed irregularly, and in much less quantity. It has been 
calculated, both from observation and from the results of dietary surveys 
(Squires, 1949), that the daily amount of carbohydrate consumed is about 
450 g. 
Group II, ten in number, was composed of Bushmen of the Kalahari desert. 
These little people, who are purely nomadic, are almost entirely carnivorous, 
living upon game, birds, snakes, lizards, etc. All were young or middle-aged 
adults, in apparent good health. 

Group III, thirty-two in number, consisted of healthy young or middle-aged 
Europeans, who lived on a good mixed diet. | 

The disparity in numbers between the groups is unfortunate, but unavoid- 
able, for the European population of the Protectorate is small and sparsely 
distributed (2000 in 275,000 square miles), whilst it is virtually impossible to 
examine Kalahari Bushmen save under special and rare circumstances, as 
their habitat is difficult of access. 


METHODS 


A variety of methods has been described for the estimation of salivary amylase, and most of them 
were tried out at the start of the investigation. As most of the work was done in the field, a simple 
technique was essential, The method finally adopted was that of the ‘achromic end-point’, as 
described by Hawk, Oser & Summerson (1949), which is reasonably accurate, simple and rapid. 
Calibrated pipettes were used for the withdrawal of samples from the digestion mixture. 


RESULTS 

The findings and differences between the groups are given in Table 1. Even 
with due regard for disparity of numbers, the present results speak for them- 
selves. Of the Tswana in group I, forty-seven, or more than 50 %, showed an 
amylase activity of between 150 and 300 units/ml. of saliva (mean 248 units), 
whereas the Bushmen of group II all showed less than 50 units (mean 22 units). 
The Europeans occupied an intermediate position with a mean of 101 units. 
The question however arose as to whether such differences in salivary amylase 
concentration were really due to diet or whether some racial factor was also 
involved. Owing to the impossibility, under present circumstances, of arranging 
for the groups described above to live on a different diet for a suitable period 
of time, this question cannot yet be answered completely, and at one time the 
dilemma appeared insuperable. 

Fortunately, however, a rare opportunity arose of examining the saliva of 
five Bushmen who had been held as court witnesses. At the time of the 
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examination they had lived for 3 months on a ration which included 1} lb. of 
mealie meal, 4 oz. of potatoes, and 2 oz. of beans daily, in addition to meat. 
This ration contained far more carbohydrate than these subjects were ac- 
customed to consume. Examination of their saliva gave the following mean 
results for amylase activity; 83, 58, 66, 125 and 142 units/ml., the mean being 
95 units. This figure is more than 4 times that recorded for the Bushmen of 
group IT, and approaches more nearly to the European value. 


Tass 1. Salivary amylase activity in each group 


Number of subjects 
(unite/ml. A 
saliva) Group I Group II Group IIT 
0- 50 10 
51-100 8 = 12 
101-150 12 -- 20 
151-200 13 
201-250 20 — ai 
251-300 14 
301-350 10 ove 
351-400 6 
401-450 5 — 
451-500 2 
Total 90 10 32 
Mean (units/ml.) 248 22 101 
8.D. 75-0 3-7 30-8 
TaBLEe 2. Variation of amylase concentration with time 
Time (months) ..._ Initial l 2 3 4 5 
Units/ml. 
Group I 250 240 236 250 260 240 
Group II 100 115 110 110 95 110 


Although it was impossible to estimate the salivary amylase of this last 
group before removal from their usual haunts, there is no reason to suppose 
that it differed much from that of group II, for they were of the same tribe, 
and indeed lived only about 150 miles away. It is therefore considered that 
these results, so far as they go, support the contention that salivary amylase 
concentration does in fact vary with the carbohydrate content of the diet, 
irrespective of any racial factor. 

Two other points are worth mentioning, in connexion with the problem of 
salivary amylase adaptation. 

First, this investigation was prosecuted over a period of many months, and 
the saliva of many individuals in groups I and III was repeatedly examined. 
It was found that the concentration of salivary amylase in the same individual, 
whilst on the same diet, did not vary significantly over a period of months, 
thus confirming the findings of Hess & Smith (1948). A typical example from 
each group is given in Table 2. 

Finally, it is of some interest that the high salivary amylase production of 
the Tswana is associated with a high serum diastatic index, the range of 


‘ 
P 


156 BERNARD T. SQUIRES 


which, in a series of sixty-six healthy Tswana, was found to be 64-132 
Winslow units, as compared with the accepted European values of 32-64 
units (Squires, 1941). 
SUMMARY 

1. Estimations of salivary amylase activity were made on four groups of 
subjects: (I) ninety primitive Tswana of the Bechuanaland Protectorate, who 
live on a predominantly carbohydrate diet; (II) ten primitive Bushmen from 
the Kalahari desert, who live on an almost entirely carnivorous diet; 
(III) thirty-two Europeans living on an ordinary mixed diet; and (IV) five 
Bushmen who had lived for 3 months on a predominantly carbohydrate diet. 

2. Salivary amylase activity was highest in group (I), averaging 248 units/ 
ml. of saliva, and lowest in group (II) which averaged 22 units; the average 
finding for the European group was 101 units. Group (IV) gave an average 
figure of 95 units. 

3. Salivary amylase activity in the same individual on the same diet did 
not vary significantly over a period of months. 

4. The high salivary amylase activity of the Tswana was associated with 
a high serum diastatic index, as compared with the usually accepted values 
for Europeans. 

5. The findings of previous investigators that a high salivary amylase 
activity is associated with a predominantly carbohydrate diet, and that such 
activity varies with the composition of the diet, were confirmed. 


I am indebted to the Director of Medical Services, Bechuanaland Protectorate, for permission 
to record these findings, and to Dr F. W. Fox, South African Institute for Medical Research, 
Johannesburg, for advice and criticism. 
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THE EFFECTS OF VAGOTOMY AND SPLANCHNOTOMY 
ON GASTRIC MOTILITY IN THE SHEEP 


By DOROTHY L. DUNCAN* 
From The Rowett Research Institute, Bucksburn, Aberdeenshire 


(Received 7 June 1952) 


Each of the four divisions of the ruminant stomach has its characteristic 
types of movement, as described by Wester (1926), Czepa & Stigler (1926, 
1929), Mangold & Klein (1927), Schalk & Amadon (1928), and Phillipson 
(1939). Closely related to reticulo-ruminal motility is the phenomenon of 
rumination, shown by Stigler (1931, 1933, 1949) to be carried out by co- 
ordinated activity of the stomach and oesophagus with the respiratory 
apparatus. The existence of a nervous co-ordinating mechanism for gastric 
movements in the ruminant has been suggested by experiments of Ellenberger 
(1883), Wester (1926), Mangold & Klein (1927), Lagerléf & Hoflund (1936) 
and Hoflund (1940). The evidence, however, was incomplete; Mangold & Klein 
relied upon observations on laparotomized, anaesthetized animals, and on 
post-mortem findings after chronic neurectomies, while Hoflund based his 
observations on the auscultation of ruminal sounds and on post-mortem 
examination following section of various combinations of branches of the 
abdominal vagi. 

A detailed study has been made of the effects on reticulo-ruminal and — 
abomasal motility of total and partial vagotomy and of splanchnotomy, and 
the results are described in this paper. 


METHODS 


The work was carried out on lambs and adult sheep, mainly Scottish Blackfaces, with a few 
Cheviots and cross-breds; only two experiments were performed on calves, since they proved to 
be less suitable subjects. In order to avoid complications from initial ruminal paresis, about half 
the experiments were carried out on suckling lambs. They were received at 1-4 days of age, and 
were bottle-fed with a mixture of cows’ milk with added casein and sodium citrate. Gastric 
motility was studied radiographically after the addition of barium sulphate to the milk mixture. 


* This work formed part of the author’s thesis for Ph.D. degree, approved by the University 
of London. 
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In lambs with a functional oesophageal groove reflex, the milk mixture was always suckled into 
the abomasum, and in order to fill the ramen and reticulum it was necessary to employ a stomach- 
tube. Observation in a horizontal plane, with the lamb standing, was the most satisfactory position 
for watching gastric movements, A period of training was given to each lamb before observations 
started, in order to accustom it to the routine. 

Later, it seemed desirable to repeat many of the experiments on adult sheep, in which X-ray 
examination is less satisfactory owing to loss of definition caused by the size of the rumen. 
Ruminal and abomasal cannulae were therefore inserted by the methods of Phillipson & Innes 
(1939), and movements were recorded kymographically from balloons placed in the rumen, 
reticulum and abomasum, and connected to water manometers. The operations were performed 
several weeks before any nerve section was carried out on the sheep. All operations were per- 
formed aseptically under sodium pentobarbitone anaesthesia. In three adult sheep (nos. 32-34; 
see Table 1) the abomasal cannula served for feeding purposes as well as for the study of motility. 
In these sheep the rumen and reticulum were paretic after vagotomy, and they were fed for 25, 
40 and 25 days respectively via the abomasal cannula. Observations were limited to shorter 
periods—-16 days or less—when abomasal feeding was not adopted. 


\ Ocsophagus 
Left cervical Right cervical 
vagus vagus 
i 
Dorsal 
abdominal 
vagus : vagus 


Fig. 1. The oesophageal vagal plexus of the sheep in its most common form. 


Vagotomy 

_ The anatomy of the vagi in sheep is subject to variation, which has been described at length by 
Mangold & Klein (1927) and also by Phillipson (1942). The extent of the variation is suggested by 
the former authors in the following extract: ‘Tatsichlich scheint uns die wichtigste Grundlage 
fiir das physiologische Verstdndnis der zentralen Innervation des Wiederk&uermagens in der 
Feststellung zu liegen, dass sowohl der ventrale wie der dorsale Magenvagusstamm ihre Fasern 
sowohl aus dem rechten wie aus dem linken Halsvagus beziehen. Das ist zugleich auch fast die 
einzige Gesetzmissigkeit, die das Magenvagussystem beherrscht. Alles weitere, der Bezug der 
Fasern und die Verteilung der Aste, ist individuellen und wohl zum Teil auch artlichen Schwan- 
kungen unterworfen.’ 

However, the essential anatomical arrangement described by Mangold & Klein has in most 
sheep a pattern similar to that shown in Figs. 1-3, and is complicated from a surgical point of 
view only by an additional branch in the thoracic oesophageal plexus, which may run from the 
dorsal to the ventral trunk caudal to the main plexus. According to whether nerves were cut 
above or below this oesophageal plexus, different combinations of fibres could be left intact. 
Cervical vagotomy was suitable when only one vagus was to be transected, or for combinations 
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of one cervical and one abdominal vagotomy. For total vagotomy, respiratory and cardiac 
complications were avoided by section of the abdominal connexions alone, using an abdominal 
or thoracic approach. The former route was used in lambs, but in adult sheep a thoracic approach, 
involving resection of a portion of the 8th rib, proved to be practicable and more satisfactory. 
Positive pressure in the lung was maintained by the use of a respiratory pump attached to a 
tracheal cannula. 


Fig. 2. Stomach of late foetal lamb, showing distribution of the dorsal abdominal vagus. The 
adult stomach differs from this in the relatively smaller proportions of the abomasum. 


Fig. 3. Stomach of late foetal lamb, showing the distribution of the ventral abdominal vagus. 
The adult stomach differs from this in the relatively smaller proportions of the abomasum. 


Since in suckling lambs bilateral vagotomy led to loss of the oesophageal groove reflex, and 
barium meals were subsequently suckled into the rumen and reticulum, the abomasum of these 
animals could not be observed. For this purpose an anastomosis was created between the ventral 
rumen sac and the abomasum in three lambs; and in one of these lambs vagotomy was later 


performed. 
Splanchnotomy 
The splanchnic nerves in sheep consist of a greater and lesser nerve running close together on 
each side, and some finer bundles of fibres representing the least splanchnic (Phillipson, 1942). 
A separate approach was necessary for each side. The adrenal plexus was located by reference 
to the adrenal gland, and the nerves were cut as they entered the plexus. 
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RESULTS 


Total vagotomy 
The particulars of the animals used and the nerve sections performed are 
given in Table 1. Total vagotomy, whether by the cervical, thoracic or 
abdominal routes, and either with or without splanchnotomy, was always 
ultimately fatal. All major movements of the rumen and reticulum ceased, 
and these organs became atonic. The appetite in the early post-operative 
period remained fairly good, with the result that the ramen and reticulum 
soon became distended with food. This was increased by the animal’s inability 


1, Experiments involving total vagotomy 


Sheep operation 
no. (days) Nerves sectioned Approach . Survival 
1 13 Both cervical vagi Cervical 2 hr 
2 42 Both cervical vagi Cervical ae 
3 47 Both cervical vagi Cervical TE in 
4 24 Both abdominal vagi Abdominal 8 days 
5 17 Both abdominal vagi Abdominal 16 ,, 
6 19 Both abdominal vagi Abdominal = 
32 Adult Splanchnics. Dorsal abdo- Retroperitoneal + thoracic 25 
minal+part of ventral 
abdominal 
33 Adult Both splanchnics + both Retroperitoneal+thoracic 40 ,, 
34 Adult Both cervical vagi Cervical 2 


to eliminate gaseous products by eructation. Slight, irregular movements of 
rumen and reticulum were observed radiologically, and sometimes recorded 
graphically, but with the latter method they were usually masked by respira- 
tory excursions. Rumination was never observed in any animal after total 
vagotomy. In lambs the oesophageal groove reflex was lost, so that the barium 
suspension, formerly suckled into the abomasum, now entered the reticulum 
and rumen, and subsequent passage to the abomasum was extremely slow, 
if it occurred at all. In the lamb (no. 4, Table 1), in which an anastomosis 
was previously prepared between the ventral rumen sac and the abomasum, 
barium suckled into the rumen passed by gravity into the abomasum and 
some abomasal activity was observed; little barium, however, reached the 
intestines. On the other hand, sheep no. 33, after total thoracic vagotomy 
and bilateral splanchnotomy, was fed via the abomasum for 40 days, and 
abomasal activity sufficed to empty that organ. 

In two lambs (nos. 2 and 3), after total cervical vagotomy, there was loss 
of tone in the oesophagus, and suckled barium accumulated above the level 
of the diaphragm before entering the stomach, while a small quantity remained 
in the oesophagus after the meal was finished. Since these lambs were not 
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provided with ruminal cannulae, a stomach tube was passed on several 
occasions in order to allow the escape of gas. It was noticeable that just 
before the tube entered the stomach, as shown by the rush of gas, a resistance 
had to be overcome, indicative of a closed cardia. However, lamb no. 3, 
after surviving 72 hr, died after aspiration of regurgitated rumen contents. 

Post-mortem examination after bilateral vagotomy showed a distended 
rumen and reticulum, usually with the remainder of the alimentary tract 
practically empty. In lamb no. 6 two ulcers, each about 1 cm in diameter, 
were found in the rumen. In lamb no. 4, in which the rumino-abomasal 
anastomosis was present, ulceration was found in the abomasum, and erosion 
had occurred along the free edges of the omasal laminae. 

Three experiments, in which adult sheep were subjected to total vagotomy, 
require separate consideration. In sheep no. 34 cervical vagotomy was 
performed in two stages, the left nerve being cut 5 months before the right. 
In nos. 32 and 33, thoracic vagotomy and bilateral splanchnotomy were 
carried out at one operation, but, in the former, post-mortem examination 
revealed that a small part of the ventral vagus was intact. However, results — 
were so similar that all three may be considered together. Each sheep showed 
complete loss of activity in rumen and reticulum following the operation, 
but abomasal activity was within the normal range by the 3rd or 4th day, 
and intra-abomasal feeding was employed. 

On the 14th day in no. 32, the 34th day in no. 33, and the 18th day in 
no. 34, the slight and irregular movements of the rumen and reticulum, almost 
masked by respiratory movement, gave place to a return of some strong, 
rhythmic activity. These organs now showed contractions resembling to some 
extent the normal activity, but less regular both in force and in timing. The 
contractions of the reticulum were not diphasic, but single or, in no. 34, in 
groups of three to six, and of varying amplitude. In none of the sheep did 
these contractions serve to propel ruminal contents into the abomasum. The 
experiment on sheep no. 33 was terminated 6 days after activity returned. 
In order to judge the completeness of the vagotomy the animal was anaesthe- 
tized and the cut peripheral end of the left cervical vagus was stimulated. 
After a distinct latency, a contraction of the reticulum occurred, which did 
not reach normal strength even with increasing strength of stimulus. No 
intact vagal branches were found in this sheep or in no. 34. 


Partial section of the vagi 
The particulars of the animals used and the nerve sections are given in 
Table 2, Section of one cervical vagus, or of the ventral abdominal trunk alone, 
had no effect beyond a transient reduction of major movements, lasting only 
a day or two; rumination in adult sheep was suspended for a similar period. 
Otherwise there was no observable effect on motility, on rumination, on the 
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of up to several months. 

Section of the dorsal abdominal trunk alone was followed by loss or 
reduction of ruminal and reticular motility for about a week, after which time 
normal motility returned and normal growth was quickly regained. In the 
lambs, however, the oesophageal groove reflex permanently lost its efficiency 
and barium was afterwards swallowed partly into the rumen and partly into 
the abomasum. Post-mortem examinations no of 
development. 


Taste 2. Experiments involving partial vagotomy 


Age at 
Sheep no. operation Nerves sectioned Approach (days) 
7 Adult Left cervical vagus Cervical see below 
8 5 months Left cervical vagus Cervical 21 
9 Adult t cervical vagus Cervical 39 
10 5 months Right cervical vagus Cervical 
ll Ventral abdominal vagus Abdominal see 
12 Adult Ventral abdominal vagus Abdominal see below 
13 17 days Ventral abdominal vagus Abdominal 35 
14 16 days Ventral abdominal vagus Abdominal 28 
15 Adult Dorsal abdominal vagus Abdominal 15 
16 Adult Dorsal abdominal vagus Abdominal 59 
17 13 days Dorsal abdominal vagus Abdominal 21 
18 47 days Dorsal abdominal vagus Abdominal 


ll Adult Ventral abdominal+left cervical Abdominal + cervical 44 
vagus 
12 Adult Ventral abdominal + right cervical Abdominal + cervical 86 


vagus 

7 Adult Left cervical, then dorsal Cervical+thoracic 24 
abdominal vagus 

19 24days Left cervical, then dorsal abdo- Cervical+abdominal 21 
minal vagus 

20 23 days Right cervical, then dorsal abdo- Cervical-+abdominal 42 
minal vagus 

21 52 days Right cervical+dorsal abdominal Cervical-+abdominal 44 


Partial vagotomy involving more than half the vagal supply, such as 
section of one abdominal and one cervical trunk, often produced a more 
marked and permanent impairment of motility, but it was not possible to 
link any one combination of nerves with a particular syndrome. Table 3 
summarizes the results. There were two types of effect. The first was impair- 
ment of ruminal emptying, with or without reduction of ruminal motility: 
the other was impairment of abomasal emptying. These effects produced 
characteristic post-mortem findings. Impaired ruminal emptying, exemplified 
in sheep no. 7 after left cervical and dorsal abdominal vagotomy, resulted in 
a distended rumen and reticulum packed with fluid digesta, accompanied by 
an empty and contracted omasum and a shrunken, empty abomasum 
Impaired abomasal emptying resulted in some secondary distension of the 
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rumen and reticulum, and considerable distension of the main body of the 
abomasum, though the pyloric part was not filled; the omasum contained less 
than the normal amount of dry material between the laminae. This condition 


of the stomach was seen in sheep no. 26, after ventral abdominal and right 
cervical vagotomy. 


Taste 3. Effects upon the ruminant stomach of sub-total vagotomy 


Activity of 
Sheep reticulum and Ruminal . Abomasal Rumi- 
no. Nerves cut rumen emptying emptying nation 
26 Ventral abdominal+right Apparently normal Delayed Impaired Absent 
cervical vagus 
12 Ventral abdominal+right Normal Normal Normal Normal 
cervical vagus 
ll —_ abdominal + left cer- Normal Normal Normal Normal | 
7 Dorsal abdominal+left cer- Reduced Delayed Normal Absen 
vical vagus 
19 abdominal +left cer- Reduced Delayed Normal Absent) 
32 Dorsal ‘abdominal + right Reduced Absent Normal 
cervical vagus | 
21 Dorsal abdominal+right Normal Normal Normal ormal 
cervical vagus 
TaBLe 4. Experiments involving section of abomasal vagal branches in 
sheep and calves 
at 
Age 
No. (days) Nerves sectioned Approach (days) 
Calf: 
2 11 Outer omaso-abomasal nerve Abdominal 119 
3 ll Both omaso-abomasal nerves Abdominal 120 
Sheep: 
72 Pyloric vagal branch Abdominal 
24 71 Outer omaso-abomasal + pyloric nerve Abdominal 20 
25 24 Both omaso-abomasal nerves Abdominal 27 
26 22 All abomasal vagal branches Abdominal 43 
27 44 All abomasal vagal Abdominal 21 


Section of the abdominal branches of the vagi supplying the abomasum 

The nerve supply to the abomasum is illustrated in Figs. 2 and 3, and details 
of the nerve sections are given in Table 4. 

Three main branches, the abomasal branches of the dorsal and ventral 
trunks, and the pyloric branch of the hepatic-duodenal nerve, supply this 
organ and no effect was seen in either lambs or calves unless all three were 
cut; the presence of any one intact branch was sufficient to maintain normal 
motility. Section of all three branches produced at first a delay in emptying: 
in normal lambs a barium and milk meal leaves the abomasum, except for 
traces, in 44-6 hr; but in these lambs at least 9 hr were required to reach the 


same state. Fluoroscopically, the organ did not appear greatly errs and 
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some waves of contraction could be observed. One lamb was killed after 
nearly 6 weeks, and its abomasum appeared to be somewhat enlarged. Another 
died suddenly, 21 days after operation, and in this animal the abomasum was 
greatly distended. The abomasal distension, as in the adult sheep in which it 
also occurred, was confined to the body of the organ, and did not extend to 
the pyloric region. 
Splanchnotomy 

Bilateral splanchnotomy was carried out on seven animals, and particulars 

of these are given in Table 5. No effect on gastric motility was observed. 


TasLz 5. Experiments involving splanchnotomy 


Age at 
Sheep 

no. (days) Nerves sectioned Approach Survival 

28 Adult (bilateral itoneal 4 months + 

29 20 chnics (bilateral) Retroperitoneal 78 days 

30 21 (bilateral) Retroperitoneal 

30 81 v abomasal branches Abdominal 14 days 

31 Adult Splanchnics (bilateral) neal 

31 Adult $$ Dorsal abdominal vagus Abdominal 30 days 

26 Adult § Splanchnics. Ventralabdominal+right Retroperi- 7 days 
cervical vagi toneal + thoracic ) 

32 Adult Splanchnics. Dorsalabdominal+part § Retroperi- 25 days 
of ventral abdominal vagi toneal + thoracic 

33 Adult Both splanchnics+ both vagi Retroperi- 40 days 

toneal + thoracic 


Abomasal vagal denervation was later performed on lamb no. 30, and the 
lack of splanchnic innervation failed to prevent delayed emptying of the 
abomasum. 

Splanchnotomy when combined with total or partial vagotomy did not 
appear to influence the results of the vagotomy. 


DISCUSSION 


The effects of vagotomy and splanchnotomy on gastric motility in laboratory 
mammals appear to vary considerably. In man (Grimson, Baylin, Taylor, 
Hesser & Rundles, 1947; Beattie, 1949) vagotomy commonly produces 
a persistent increase in intragastric pressure, and a decrease in the amplitude 
of contractions: the reduction of strong antral contractions, and increased 
pyloric tone, may lead to delay in emptying and consequent dilatation of the 
stomach. In the cat and dog (McCrea, McSwiney & Stopford, 1926) a decreased 
initial emptying time is the only constant result of double vagotomy. Inrats, } 
however, Shay, Komarov & Gruenstein (1947) found that death occurred 
within a week after total subdiaphragmatic vagotomy, and ‘...autopsy 
established impaired gastric motility as the cause of death’. McSwiney (1931) 
concluded that the final effects of vagotomy and splanchnotomy were similar 
in all the common mammals, and that the peripheral intrinsic mechanism 
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assumed control of the denervated stomach, the only permanent effect being 
the decreased initial emptying time. 

In the sheep, the complete disappearance of the normal movements of the 
rumen and reticulum was the most striking result of total vagotomy. The 
residual, intrinsic activity seen at first was purely local, and of no significance 
for propulsion of contents. The resultant paralysis was responsible for the 
deaths; the only sheep kept alive for more than a few days were those in which 
intra-abomasal feeding was employed. In these animals, motor activity 
returned in the rumen and reticulum after several weeks of almost complete 
lack of movement, but the characteristics of the normal rhythm were lacking, 
and this may perhaps be regarded as an adaptation of the musculature to loss 
of central control rather than as evidence that, under normal circumstances, 
central control is not all-important. 

The abomasal contractions do not depend upon the periodic rhythm of 
reticulum and rumen, for they persisted after the latter was abolished. 


_ Abomasal activity after total denervation in most instances sufficed to empty 


the organ, though more slowly than normally. The effects, in fact, resembled 
those reported by Morin, Kofman & Dugal (1937) for the stomach of the dog; 
namely, delayed emptying and, when more severe, complete failure of 
propulsion. 

The results described here extend those reported by Mangold & Klein (1927) 
for sheep, and by Hoflund (1940) for cattle. These authors described section 
of the right abdominal vagus as leading to ‘Pylorusstenose’, with fatal 
effects. Lagerléf & Hoflund (1936) similarly referred to the condition in which 
digesta failed to leave the reticulum and rumen as a ‘reticulo-omasal stenosis’. 
The term ‘stenosis’ may be considered objectionable in this context, since it is 
usually understood to imply an obstruction, as in pyloric hypertrophy of the 
human infant. No such condition was found in sheep. The condition was not 
due to unopposed splanchnic control of the pylorus, since splanchnotomy 
failed to prevent delayed emptying following vagotomy. Moreover, the 
distension of the abomasum was generally, as in Hoflund’s cattle, confined to 
the body of the organ, while the pyloric antrum remained relatively empty. 
This does not suggest that the pylorus itself played any special part in the 
extended emptying time. The assumption is, therefore, that the residual 
motility of the denervated abomasum was insufficient to raise the intra- 
abomasal pressure to produce normal emptying; the effect on the animal 
depended on the degree of impairment of emptying. This thesis is supported 
by the finding of Quigley, Bavor, Read & Brofman (1943) that the delay in 
gastric emptying, produced in dogs by emotional stress, and previously 3 
ascribed to pylorospasm, is in fact due rather to a decrease in propulsive 
motility of the pyloric antrum, and occurs in spite of a concomitant sphincter 
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The term ‘reticulo-omasal stenosis’ is similarly open to criticism. Mangold & 
Klein (1927) considered that the failure of the rumen and reticulum to empty 
was due to closure of the reticulo-omasal orifice; but there is no evidence for 
such closure. Balch, Kelly & Heim (1951) have shown that in cattle the 
reticulo-omasal orifice is open most of the time, but that passage of digesta 
through the orifice is probably related to activity in the reticulum. Similarly, 
in one of our experiments lamb no. 19 was subjected to dorsal, abdominal and 
left cervical vagotomy; digesta failed to leave the paretic rumen, and yet 
about half of each milk feed was suckled into the abomasum, showing that the 
omasal orifice was open. This result suggested that the activity of the reticulum 
was the main factor in the transference of digesta from the rumen to the 
omasum. 

Stagnation of food, particularly in the reticulum and rumen, is the result 
of total vagotomy, and as such it may be concluded that the propulsive 
movements of these orgagps are lost, while those of the abomasum are 
reduced. 

The double security of vagal innervation was indicated by Mangold & 
Klein (1927). Each part of the stomach receives at least two series of vagal 
fibres, and as long as any one nerve is intact, the part innervated does not 
lose its propulsive activity. The temporary disturbances of up to a week, 
which frequently followed partial denervation, may indicate that time is 
needed before the intact fibres can completely replace those which have been 
destroyed. This may possibly coincide with the development of increased 
sensitivity of the musculature to such a level that threshold stimulation can 
be provided by the reduced innervation. Anatomically the majority of fibres 
supplying the rumen are derived from the right dorsal abdominal vagus, and 
consequently this organ is more affected by section of the dorsal root alone 
than the other parts of the stomach. Mangold & Klein (1927) described the 
‘right, ventral’ vagus as being the more important, but Phillipson (1942) has 
pointed out that this confusion is due to their failure to take into account the 
torsion of the stomach during development, and in fact their ‘right, ventral 
abdominal vagus’ is the dorsal trunk. These workers found that section of this 
nerve was followed by death from inanition through ‘complete occlusive 
pylorospasm’. This result has not been reproduced; although section of the 
dorsal trunk temporarily reduced rumino-reticular motility, it was not found 
to affect the abomasum. 

The observations on the effect upon the oesophagus of bilateral cervical 
vagotomy recall those described by Hwang, Essex & Mann (1947) in the dog. 
The accumulation of barium in the lower oesophagus, and the resistance 
encountered to the passage of a tube, provide some evidence for the existence 
of a functional cardia. An increased cardiac tonus is suggested, due possibly 
to unopposed sympathetic influence, and this appeared to pass off within 
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48 hr. Passive regurgitation of digesta commonly occurred after this period. 
Active vomiting has never been observed. 

The complete loss of the oesophageal groove reflex, and its inefficiency after 
dorsal vagotomy, accord with results obtained by Comline & Titchen (1951) 
on decerebrate goats and calves. They found that the vagus provided the motor 
innervation for this reflex, and that the dorsal abdominal vagus exercised 
more influence upon the oesophageal groove than did the ventral. 

The lack of effect of experimental splanchnotomy indicated that the 
sympathetic nerves exercise no indispensable influence on gastric motility 
in sheep. There was no perceptible change in motility patterns, and abomasal 
emptying time was unchanged. The splanchnic innervation cannot replace 
the parasympathetic supply, as McSwiney (1931) believed to be possible in 
the simple stomach. 

The results discussed above suggest that in ruminants the rumen and 
reticulum, representing the fundus of the primitive stomach (Pernkopf, 1937), 
have developed their power to respond to extrinsic nervous control at the 
expense of their inherent capacity for independent activity. Their anatomy 
does not lend itself to easy emptying, and their co-ordinated, cyclic activity 
bears little resemblance to the motility of the simple stomach. That intrifisic 
activity can occur is shown by the movements recorded from isolated strips 
of ruminal and omasal musculature by Lienert (1950) and Brunaud, Dus- 
sardier & Labouche (1950). The normal contractions of the reticulum and 
rumen are not intrinsic, and the existing evidence suggests that they are the 
result of rhythmic discharges from the brain stem, caudal to the inter- 
collicular plane (Clark, 1950; Iggo, 1951). The abomasum, on the other hand, 
is not necessarily dependent upon its vagal connexions and appears more to 
resemble the simple stomach. The general inference is that specialization is 
greatest in the reticulum and least in the abomasum, and a clear distinction 
between the two types of movement, of central and peripheral origin 
respectively, is important in order to relate the various recorded observations 
on the ruminant stomach. 


SUMMARY 


1. The normal, rhythmic activity of the rumen and reticulum, and 
propulsion of digesta from these organs into the omasum and abomasum, 
are lost following total vagotomy. Some activity has been observed to return 
after several weeks, but it differs from the normal type and is not propulsive. 

2. Reflex closure of the oesophageal groove in lambs is abolished by total 
vagotomy and impaired by section of the dorsal abdominal vagus. 

3. Rumination is abolished by total vagotomy. 

4. As long as a division of the stomach has part of its vagal supply intact, 
capacity for propulsive motility remains. 
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5. The abomasum retains a reduced capacity for propulsive motility in 
the absence of its vagal supply; delayed emptying and consequent dilatation 
may occur. 

6. Splanchnotomy is without significant effect on gastric emptying and 
motility, and does not appear to modify the effects of concomitant vagotomy. 


I wish to thank Dr A. T. Phillipson, who directed the work and who also performed much of the 
surgery. Thanks are also due to Dr F. Alexander for some valuable criticism and for further 
assistance with surgery, and to Mr D. Benzie, who was responsible for the radiography. I received 


able technical assistance from Messrs R. 8. Reid, L. E. Vowles, W. Brown and W. Wilson. 
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SPECTRAL SENSITIVITY AND WAVE-LENGTH DIS- 
CRIMINATION OF THE PERIPHERAL RETINA 


By R. A. WEALE 


From the M.R.C. Growp for Research in the Physiology of Vision, 
Institute of Ophthalmology, London 


(Received 16 June 1952) 


The unqualified success with which the human scotopic sensitivity function 
has been explained in terms of the absorption spectrum of visual purple 
(Trendelenburg, 1904; Hecht, 1921) has prompted visual physiologists to seek 
further instances of parallelism between sensory phenomena on the one hand 
and objective observations on the other. The latter cover such widely different 
fields as the photochemistry and optical properties of retinal pigments, the 
histology and electrophysiology of the retina, and the anatomy of the visual 
pathways. 

The question of pigments is of the utmost interest because it is generally 
thought that, once definite photosensitive substances become associated with 
the human retinal cones in the same way as visual purple is associated with 
rods, a major step will have been made towards the solution of the problem of 
colour vision. [tis further argued that if parallelisms can be established between 
the retinal spectral faculties, expressed in terms of the stimuli, and photo- 
sensitive pigments respectively, a decisive blow may be struck for or against 
a particular theory of colour vision. In this connexion, the retinal periphery 
occupies a key position, because, in the absence of any knowledge of cone 
pigments, the visual sensations experienced in the extrafoveal parts of the 
human retina have been invoked to oppose the trichromatic theory of Young 
and Helmholtz. Such colour experiments as have been carried out on the 
retinal periphery cannot be compared with work done on the fovea, as the 
control of the experimental conditions has been inadequate. There is, there- 
fore, a good reason why the spectral faculties, known in such detail for the 
fovea, should be examined in the periphery and proper controls applied to the 
investigation. 

Secondly, the structure of the retina has already revealed the parallel 
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between rods as associated with twilight vision and cones as linked with 
daylight vision. Histological studies have also shown that, whereas the 
central fovea is rod-free, no part of the periphery is cone-free. Thus colour 
vision in some form or other would be expected to be present throughout the 
periphery. Moreover, it would be interesting to know whether the activity of 
the rods affects it in any way. This point has not been covered adequately in 
connexion with the fovea, let alone the periphery. Unless, for example, the 
rods are completely inactive at low photopic luminance levels, colour vision, 
measured at such levels, might be expected to be trichromatic in persons usually 
called dichromats. In consequence, a possible parallel between retinal structure 
and colour vision would be helpful towards the understanding of the visual 
mechanism. 

In the third instance, the visual sensations and the anatomy of the visual 
pathways have also provided some parallelisms. The best known of these is 
Le Gros Clark’s suggestion (1949) to the effect that the lamination of the lateral 
geniculate body is topographically conjugate with the retina and that the 
fusion of the laminae 4 and 6, 3 and 5 is the physical counterpart of the 
predominance of the yellow sensation in the peripheral retina. Hartridge 
(1949), however, has given some valid criticisms of this view. Another 
parallelism, apparently unconnected with peripheral colour vision, yet one 
worthy of mention because of the technical difficulties which it causes in its 
exploration, exists between the relative lack of importance of the messages 
conveyed to the brain from the retinal periphery and the small size of the 
cortical visual areas associated with the periphery (Holmes, 1945). At first 
sight it is paradoxical that the small area of the fovea should carry such 
weight in the interpretation we give to our foveal visual sensations. However, 
the disparity between the foveal and peripheral projections on the cortical 
visual areas, which is so much in favour of the former of the two, provides 
a simple explanation of this phenomenon. 

At the same time, this disparity provides a reason why work on the peri- 
phery has been neglected by most workers interested in colour vision. It 
gives rise to the enormous difficulty of foveally fixating a spot, however 
minute, and simultaneously observing events in the periphery, however well 
marked. This iso-retinal rivalry has no counterpart in foveal observations. 
Other reasons for the paucity of data on peripheral colour vision are of 
a physiological and physical nature. Thus the image of an external object 
formed by the ocular dioptric system on the peripheral retina is ill-defined 
because of several aberrations. The perception of such an image is rendered 
even more difficult owing to the decrease of visual acuity with perimetric 
eccentricity: this is due to the increasing complexity of the arborizations of 
the peripheral neurones. In addition, after-images persist longer in the 
periphery than in the fovea, thus rendering the observations still more 
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difficult; and, unless the observations are relatively short, temporary in- 
sensitivity may set in: one can ‘stare’ with the fovea but not with the 
periphery. 

Severe though some of these difficulties might appear, an investigation of 
colour vision in the retinal periphery seemed worth undertaking for the 
reasons mentioned above. A first step towards the elucidation of some of the 
problems connected with this subject was taken by measuring the spectral 
sensitivity and wave-length discrimination at retinal eccentricities of 0, 10 
and 15° (Weale, 1951a, 6). The measurements have now been extended to 
locations of 25, 45 and 70° off the fixation area in the temporal visual field of 
the observer’s left eye: an effort was made to reach 80°, but, with the existing 
experimental arrangements, no observations could be made at this location. 
The retinal positions so far investigated are shown in Fig. 1. 


Fig. 1. Horizontal section of the eye showing the retinal locations to which the 
present measurements refer. 


METHOD 


Apparatus. The experimental arrangement was similar to the one previously described (Weale, 
19514, 6). Two circular fields, A and B, subtending at the eye an angular diameter of 50’ were 
provided by the prism faces of two Hilger Barfit monochromators. The entrance slits of the latter 
were illuminated by a single 6V 18A tungsten ribbon filament lamp whose voltage was kept 
constant by a ‘Westat’ constant potential power unit and by manual control of a rheostat. 
Scattered light was reduced by using Ilford Bright Spectrum filters (621-6, 608-9) at the appro- 
priate wave-lengths. The brightness of the fields was controlled by neutral filters and wedges. 
The fields were in Maxwellian view, images of the exit slits of the two monochromators being 
formed in the plane of the observer’s pupil. 
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There appeared several points peculiar to visual measurements in the retinal periphery. In the 
first instance, the eccentricity of the stimulated retinal area was determined by a minute red 
fixation spot. The observer's head was steadied with a firm mouthpiece carrying his dental 
impression: to obviate an effort on the part of the ocular muscles due to the large eccentricities of 
the test-fields A and B, the mouthpiece was turned approximately in the direction of fixation. 
Thus there was no need appreciably to turn the eyes towards the fixation spot. Secondly, the 
inevitable turning of the head about a vertical axis made it impossible to use an artificial pupil. 
However, as the exit-slits of the monochromators were optically conjugate with the observer's 
pupil, it was permissible to restrict them longitudinally so that their images, focused in the plane 
of the pupil, were smaller than the smallest pupillary diameter (2mm). The removal of the 
original artificial pupil made it impossible to attach a separate correcting lens: the observer, 
therefore, had to wear his glasses. Thirdly, visual acuity deteriorates rapidly as the angular 
distance from the fovea is increased. In the previous work (Weale, 19514, b) the two test-fields 
‘were separated by an angular distance of the order of }°: they were only just distinguishable. The 
separation between them was considerably increased in the present experiments partly because 
# just distinguishable separation adds to the strain of the measurements and partly because the 
increased eccentricity stipulated an increased separation. The fields were vertically above each 
other, their centres being separated by 3° at a retinal eccentricity of 26°, and by 4° at 45° and 
70° respectively. This made them more easily distinguishable than in the earlier experiments. 
Fourthly, in view of the peripheral situations of the retinal areas investigated, adequate control 
of the state of adaptation of the eye was imperative. The reason is because, in these regions, the 
number of rods is very large as compared with that of cones. Thus, if the eye were not light-adapted, 
cone vision might be dominated by rod-vision and the object of this investigation vitiated. 
It is obvious that a large rod density leads to easy dark-adaptation in the absence of light, and also 
that dark-adaptation had to be prevented from taking place. This was achieved by fitting a frame 
in front of the eye within the least distance of distinct vision. The frame carried two to four sheets 
of filter or other coarse-grain paper, which were perforated in two places to permit the passage of 
the test and fixation beams. One to three incandescent lamps were so arranged behind the screen 
as to illuminate uniformly the part of the paper in front of the eye. Since the screen was at 
& distance of only 2 in from the eye small irregularities in the paper were completely out of focus 
and passed unnoticed (Thomson, 1949). The number of layers of paper and the position, number 
and wattage of the lamps determined the intensity of illumination: this was measured with an 
Edgcumbe Photometer placed flat against the observer's side of the screen. The two luminance 
levels employed corresponded to 1-5 and 100 e.f.c. respectively, and will be referred to as L (low) 
and H (high). They were both above the photopic threshold. The adaptation of a retinal area of 
about 90° by 90° could thus be controlled. 

Calibration of the apparatus. The wave-length calibration of both monochromators was carried 
out with Na, Hg and Cd vapour lamps. The neutral wedges and filters, and the relative energy 
transmitted by A, were calibrated with electron multiplier cells as before, the stray-light filters 
being used at the appropriate wave-lengths. — 

Positioning of the observer's pupil. This was achieved by adjusting the mouthpiece so that when 
the observer bit it the amount of light entering his eye from A and B was maximal. The two beams 
were made to coincide in the plane of the observer's pupil to eliminate the Stiles-Crawford effect 
(cf. Wright, 1946). 

The observer's colour vision. The observer (R.A.W.) was 28 years of age. Except for slight 
refracting errors (corrected) he suffered from no disability. As indicated by his foveal wave-length 
discrimination and spectral sensitivity (Weale, 19514, b) his foveal colour vision was normal. 

Procedure. An assistant set the wave drums A or A and B, according to the nature of the 
experiment, to a wave-length of random choice. All subsequent operations were carried out by 
the observer. Thus in sensitivity measurements he matched the brightness of A to that of B; and 
in measurements of wave-length discrimination he changed the wave-length of A or B, keeping the 
brightmess of the changing field equal to that of the other. The assistant then noted the result of 
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this measurement, and set the wave-drum(s) to another wave-length of random choice. The 
observer then made another setting. The whole of the spectrum was thus covered at intervals of 
0-1¢ (16 =10" o/s; 26 =c/A, where c is the velocity of light, 2-998 x 10 om/sec, and A the wave- 
length in yz). Owing to the normal lack of energy at short wave-lengths the requirement of 
constant luminance level results in the H measutements being fewer in number than the L 
measurements. The whole of the explorable spectrum was covered at one sitting of about an 
hour’s duration, and two such sittings were held every day—one in the morning and one in the 
afternoon, With one or two exceptions, L measurements were taken during the morning and 
H measurements in the afternoon or vice versa. Such a distribution of the sessions, coupled with 
the randomization of the settings, tended to balance day-to-day variations. Their effect was also 
reduced by repeating each measurement several times. None of the measurements could be 
prejudged by foveal observation since, as soon as the eye was turned towards the test-fields, the 
beams struck the iris instead of passing through the pupil. As the object of the measurements was 
to determine certain characteristics of the light-adapted eye, colour vision being at ite fullest at 
high luminances, the sessions were not preceded by periods of dark-adaptation. They gave rise 
to considerable physical strain which necessitated a brief period of rest after about 40 min. The 
observer found closing his eyes effective, but before taking subsequent readings he adapted them 
for $ min to the illumination of the white screen providing the surround. 

Measurement of spectral sensitivity. This was carried out by making a brightness match between 
the fields A and B; A was the test-field whose wave-length and brightness could be altered, B the 
comparison field, whose brightness was equated visually to that of the surround, and whose wave- 
length was kept at 563-6 my. This wave-length has no special significance except that, as viewed 
peripherally, it appeared to be achromatic; thus the difficulties due to chromatic differences 
encountered in heterochromatic photometry were reduced. The retinal location of 25° was 
investigated first, that at 45° next, and the one at 70° last. Seven observations were made for 
each location and each luminance level. 

Measurement of wave-length discrimination. This visual faculty was measured in the usual 
manner: A and B were set to identical wave-lengths and their luminances independently adjusted 
to that of the surround. Then the wave-length (A) of one of them was changed towards the red end 
of the spectrum (A+ AA) until a difference in hue could be perceived. This was measured by AA. 
At the same time the brightness of the changing field was kept constant. By altering the wave- 
length of first one field, say A, and, during another sitting, the other, values AA, and AA, were 
obtained. If there is a statistically significant difference between the mean values A), and A), 
where AA represents the difference between the initial and final wave-length at each measurement, 
this may be interpreted as being due to the topographical component, i.e. due to the fact that the 
average spectral responses of the two receptor populations covered by A and B respectively are 
dissimilar because of a dissimilar distribution of receptors within them. 


RESULTS 


The new data, obtained for retinal locations of 25, 45 and 70° respectively, are 
shown with those obtained previously at 0, 10 and 15° (Weale, 19514, 6) so as 
to facilitate the comparison between them (Figs. 2a, 3a, 4a and 5a). Since the 
usual bars, indicating the standard errors of the mean g,,, would only confuse 
the picture they have been plotted separately as a function of the wave-length, 
and are presented beneath the relevant graphs (Figs. 26, 3b, 4b and 56). 
The sensitivity data (Fig. 3a) represent mean values of seven independent 
readings, obtained on different days. They were taken at two luminance levels 
(1-5 and 100 e.f.c.). The logarithm of the relative sensitivity S,, is plotted along 
the ordinate, the wave-length of light along the abscissa. The red end of the 
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Fig. 2. (a) Logarithm of spectral sensitivity plotted against frequency. Red part of the spectrum 
on the right, violet on the left. (b) The corresponding standard errors of the mean. 
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Fig. 3. (a) Logarithm of spectral sensitivity plotted against frequency. (b) The corresponding 
standard errors of the mean. 


25° 45° 70° 
Low luminance level (L) © 
High luminance level (H) 


a © 
© 
3 880% 
° 
Bo °%e 
Bo 
0 
© 
; @ 
| 
. 
25° 45° 70° 
| 550. 600 650 700 
Wave-length (my) 
(a) 
| 65 55 50 45 
0-15 
| 0 
0-15 
° 
| | 500 550 
| 


(a) 

o° 10° 15° 

4 Highumo x 4+ 
60 

re © 
x 
© 
+ 
xX x x 
+. 
X xoot - 
20 ring * 
= 66 
0 i | i 2 19°99 
450 500 550 600 
Wave-length (my) 
(a) 

02+ + (b) 
0 
02+ 9 

- 
O2F X 

ig | 
02+ © 

450 500 550 600 mu 


(b) 
Fig. 4. (a) Just noticeable wave-length step AA in my plotted against wave-length. (b) The 
corresponding standard errors of the mean. 
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spectrum is on the right, the violet on the left. No absolute measurements 
were made so that it was permissible to carry out relative displacements of 
each set of data along the ordinate: this facilitated comparisons between their 
general trends. The sensitivity results are plotted for an equal quantum 
spectrum, but no allowance has been made for the observer’s glasses or 
absorption of light in the pre-retinal media. The curtailment of the data in 
the blue part of the spectrum is due to the usual lack of high frequency energy 


“tn the light source. 


The results on wave-length discrimination (Fig. 5a) were obtained at the 
same luminance levels as the sensitivity data, namely 1-5 and 100 e.f.c. 
respectively. The steps, AA, are plotted along the ordinate, the wave-length A 
representing the short-wave end of the step along the abscissa. As before, the 
violet end of the spectrum is on the left, and the red on the right. Each point 
represents the mean of ten independent determinations of the least perceptible 
difference in wave-length; five of these observations were obtained by changing 
the wave-length of the upper field A, giving rise to a value AX,, and five by 
changing the lower field B, giving rise to one of AA,. va 

The abscissa. Owing to the fact that the initiation“of the visual act is 
normally of a photochemical nature, it is better to use a frequency rather than 
a wave-length scale along the abscissa. However, the latter has been hallowed 
by tradition, as has the fact that the violet part of the spectrum is on the left 
and the red on the right. It is impossible to satisfy both tradition and 
scientific theory, and therefore a compromise has been adopted in the present 
paper: the abscissal values were plotted in equal frequency intervals but 
calibrated in wave-lengths. This causes a relative congestion of the scale 
points on the right (red) side of each graph. : 

The accuracy of the data. Whereas the standard errors of the mean a,, of 
the sensitivity S,,, as measured at retinal locations of 0, 10 and 15° (Fig. 25), 
seem to show a systematic spectral variation (Weale, 19515), this can no 
longer be observed in more peripheral parts (Fig. 3). The larger values of ¢,,, 
may be responsible for this at least in part. The spectral variation of ¢,, is, 
however, marked in the data on wave-length discrimination: ¢,, is small when 
wave-length discrimination is good and vice versa. The errors are enormous 
in the central (green) region of the spectrum. It is thus more instructive to 
plot o,,/AA instead of just o,, against A (Figs. 45, 55). 


DISCUSSION 


eccentricity. The eccentricity of the two fields A and B was measured at the’ 
rver’s pupil. Since fixation was controlled by a luminous point of constant 
sctral composition, accommodation could not compensate for chromatic 
tion. In the absence of any reliable data on the refractive — . the 
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eye-media along optical paths leading to the retinal periphery, the wave- 
length of light which would be brought into focus peripherally under given 
conditions along the optic axis is unknown. Consequently a correction for the 
error involved by the spectral variation of the image size and the resultant 
error in the value of the sensitivity cannot be applied. It is, however, unlikely 
to be appreciable. 

The topographical contribution to AA. A difference in hue between two 
fields can be produced by at least two factors: either the wave-lengths of the 
two stimulating fields are different, in which case the differential response of 
essentially similar receptor populations will be due to the difference between 
the component receptor groups, i.e. the cause is functional; or two equal 
stimuli may produce different responses because the mechanism populations 
within the two fields are dissimilar, i.e. the cause is topographical. These two 
effects are not mutually exclusive and may co-exist. Relative inhomogeneities 
in two mechanism populations will, of course, appear primarily if the two 
stimulus fields are small, and, as Thomson (1946) has shown, an effect, which 
can be explained on the above basis, is observed in foveal vision when the two 
fields subtend an angle of only 15’. Fields of 50’, as used in the present 
investigation, appear to be comparatively large when viewed foveally, but are 
subjectively minute in peripheral vision. Consequently, local differences in 
the mechanism mosaic might make themselves felt. This view is made more 
plausible if it is recalled that the cone density in the periphery is about one- 
third its foveal value: the linear dimensions of the present fields are about 
3 times those used by Thomson. 

The effect can be investigated by determining AA by changing the wave- 
length of A (the upper field) during one set of measurements, and that of 
B during another. Accordingly, half of the ten measurements for each value 
of AA (Fig. 5a) was obtained by each method respectively. The large errors, 
however, have made it: impossible to detect the topographical component of 
AA except in isolated instances. In fact, they are so few and far between that 
it seems justified to combine into one mean value the two sets of five readings 
each, obtained by varying A and B respectively. On applying the ¢-test to 
AA, and AA,, it was found that ¢ was greater than 2-776, the value corre- 
sponding to a 5 % basis, only in the instances shown in Table 1. 


TaBLE 1. Statistically significant values of t, obtained on testing the differences between the 
means of AA, which resulted from changing the upper or lower field (A or B) respectively 


A(my) 
Retinal Luminance r A 
positions 434-5 491-5 499-7 508-1 516-9 526-0 
25° L — 2-98 
45° L 4:8 4-37 
H — — 3°15 
70° L — 3-53 3-46 
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The fact that the few statistically significant values of ¢ are restricted to the 
short-wave part of the spectrum is, in all probability, due to the smaller 
absolute values of the errors. The standard errors shown in Fig. 56 are, 
however, worked out on the assumption that all the measurements for one 
point are distributed about one mean value, not about two. This accounts, for 
instance, for the vast error found for the L value at 499-7 my at 70°, While 
some of the ¢ values in Table 2 are fairly large in comparison with 2-776, the 
general incidence of significant differences is very small. This failure to detect 
the topographical part of AA may thus be due either to the large experimental 
errors or to the fact that the topographical component is too small to be 
discovered by the present experimental method. 

Short-wave colour vision at great eccentricities. The remarkable relative 
sensitivity in the blue part of the spectrum which had appeared already at 10 
and 15° (Fig. 2a) is even more pronounced at greater eccentricities: it is 
illustrated in Fig. 6 where the shapes of the sensitivities at 0 and 25° are 
compared. The red end of the foveal curve is relatively higher than that of the 
25° if the two sets are equated at 555-2 my, the maximum of the foveal curve. 
But the 25° data are very much higher in the blue than are the foveal. The 
difference between these two curves in this region is so great that it cannot be 
accounted for by assuming that the foveal curve is depressed owing to absorp- 
tion of light by the macular pigment. Wald’s visual estimate (1949) of the 
maximum density of this pigment im situ is 0-6. In the present work measure- 
ments like Wald’s lead to a value of approximately 0-7 when the retinal 
location is at 10 or 15°, a value of approximately 1-0 when it is 25°, 1-5 at 
45°, ete. If the pigment is macular it is hard to see why its amount should be 
a function of a retinal location from which it is supposed to be absent. As 
a different argument has indicated (Weale, 19515) the marked sensitivity to 
light of short wave-lengths, as measured in the periphery, must be due 
largely to the increased activity of a mechanism covering this part of the 
spectrum. The sensitivity data are here supported by those on wave-length 
discrimination (Fig. 5a). It is only in the blue part of the spectrum that good 
wave-length discrimination can be achieved. There is no evidence from foveal 
data that good sensitivity and wave-length discrimination occur in the same 
spectral regions: on the contrary, an elementary theory of wave-length dis- 
crimination (Wright, 1946) militates against this view. Again, the optimum 
in peripheral wave-length discrimination is at about 470 my (Fig. 5a), the 
peak of sensitivity at about 450 my (Fig. 3a). The latter would be moved to an 
even shorter wave-length if the correction for the absorption of light by the 
pre-retinal media were applied. The spectral distance between the optima in 
peripheral wave-length discrimination and sensitivity is thus of the same 
order as that between their foveal counterparts. 

Variation of colour vision with luminance level. Fig. 7 compares the spectral 
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sensitivity at 45° as measured at a low and a high luminance level respectively. { vi 
The data are juxtaposed by an arbitrary factor along the ordinates to facilitate 2) 
comparison. The trough appearing at 500 mp in the high luminance data is cl 
filled in, as it were, when the luminance level is lowered. This has also been 
observed at small eccentricities (cf. Fig. 2a). It could be due to an increased 
activity of the rods. However, while such a change is observed in the data for 
the sensitivity, a very different picture emerges when the luminance change is x 
examined in connexion with wave-length discrimination. The differences 

between high and low luminance values have been calculated for both visual 
functions (Fig. 8). It is remarkable that wave-length discrimination should 
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Fig. 6. Comparison between log S,, at 0° Fig. 7. Comparison between log S,(H) and 5 
and 25° (L) plotted against frequency. S,(L) at 45° plotted against frequency. 


exhibit such a considerable deterioration at 500 my in the blue-green, whereas, 
by comparison, the changes in S,, are small. A similar observation was made F 
at the smaller eccentricities of 10 and 15°. The rods are known to mediate 
luminosity at low (scotopic) luminance levels: their contribution to the 
perception of luminosity at higher luminance levels seems to be. negligible. 
Yet marked changes in wave-length discrimination are taking place in their 
very region of activity, The deterioration of wave-length discrimination at 
lower levels seems to be due to desaturation, a fact previously observed by 
Lythgoe (1931). The magnitude of the errors in the wave-length discrimination 
data, however, results in statistically significant differences between the two 4. 
luminance levels being restricted to the blue-green part of the spectrum for 

25 and 45° (Table 2). If the differences in AA were due to chance then, on 
a 5 % basis, the value of ¢ should not exceed 2-101. 

Correlation between sensitivity and wave-length discrimination. Fig. 8 shows 
that there is hardly any parallel between the luminance variations of these two 
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visual functions. An examination of Fig. 5a reveals that the data obtained at 
25° (like those at 10 and 15°, Fig. 4a) are characteristic of anomalous tri- 
chromatic vision. It is impossible to decide between protanomaly and deuter- 
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Fig. 8. The variation of spectral sensitivity S, (left) and wave-length discrimination (right) with 
luminance level plotted against wave-length. The values for the high (H) are subtracted from 
those for the low (L) luminance level. The values for log S,, (low luminance) - log S,, (high 
luminance) are relative., 


TABLE 2. Values of ¢ obtained on comparing AA for the two luminance levels 


A (my) 
Region 475-9 483-5 491-5 499-7 508-1 
25° 2-42 538 ° 8658 5-15 4-18 
45° 3-7 3-68 3-35 


No statistically significant difference is obtained for the data at 70°. 


anomaly in particular, because the short-wave optimum is at about 470 my 
instead of the usual 490-500 my. This shift may well be due to some form of 
tritanopia adding its effect. Hartridge (1947) has suggested that tritanopia 
would be observed in the normal eye whenever it was tested with a small 
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field, irrespective of the retinal location. On the other hand, a d turating 
effect due to rods could also give rise to tritanopic characteristics (Gilbert, 
1950). The variation of AA with luminance supports the latter view. Now 
data obtained for 45 and 70° are examined the characteristics of anomalous 
trichromacy are replaced by those of dichromacy. The errors and values of 
AX are very large, indeed, and the confusion at longer wave-lengths is 
pronounced. 

The sensitivity data present another picture. The numerous kinks in Fig. 3a 
are, no doubt, due to experimental errors. But all the data show three well- 
marked humps in the orange, green and blue parts of the spectrum re- 
spectively. They appear at both luminance levels. While the orange hump is 
less pronounced at 10 and 15°, possibly because of less complete light-adapta- 
tion, statistical analysis has confirmed its presence in those regions. Just as 
their foveal counterparts (Thomson, 1951; Weale, 19515), these humps have 
been revealed owing to the use of a small test-field. They are probably due to 
the same mechanisms as those in the fovea: their appearance in photopic 
spectral sensitivity data for retinal locations of 0, 10, 15, 25, 45 and 70° 
(Fig. 1) suggests that these mechanisms cover a major part of the retina. Now 
if three mechanisms appear to be present all over the retina, why does the 
periphery exhibit dichromatic characteristics? The problem is analogous to 
that presented by the central fovea: measurements of the spectral sensitivity 
reveal three mechanisms, while wave-length discrimination and colour- 
matching appears to be carried out with only two. Part of the answer seems 
to be provided by recent measurements on the foveal spectral sensitivity of 
a totally colour-blind cone-monochromatic subject. Even with a relatively 
large field (1° 20’) the brightness-matching revealed three spectral regions of 
enhanced sensitivity, in the blue-violet, green and orange respectively. Yet 
the subject had no trace of colour-perception, being able to make a perfect 
match between any two single spectral stimuli. This suggests that while the 
actual absorption of energy occurs in a triadic retinal mechanism, where also 
differentiation of colour takes place, a neurally posterior centre affects the 
perception of colour. The above result has been quoted as giving great support 
in evidence of Miiller’s (1930) zonal theory of colour vision. It provides a key 
to the understanding of the paradox presented by the apparent incompatibility 
of sensitivity and wave-length discrimination data, both foveal and peripheral. 
If a totally colour-blind subject possesses a tripartite luminosity function, it is 
hardly surprising that a normal subject should have a fundamentally similar 
function in regions of the retina which are partly colour-blind. The apprecia- 
tion of colour is impaired foveally and peripherally owing to a failure of a centre 
other than the receptors and not largely because a pigment or receptor 
mechanism is missing. 

Colour vision and retinal structure. Miiller (1856) has suggested that the 


4y 


7 


PERIPHERAL COLOUR VISION 185 


retina should be divided into more or less well-defined regions, whose angular 


extents on the nasal side are as follows: 


Foveal centre 50’ Inner periphery 14° 10’ 
Fovea 2° 30’ Intermediate periphery 24° 10’ 
Parafovea 4° 10 External periphery 77° 35’ 
Perifovea ° 107 Ora serrata 80° 


This division was arrived at by a consideration of the retinal anatomy and 
has recently been supported by Polyak (1941). When examining the relation 
between colour vision and the structure of the retina, the latter writer expressed 
the view that, since all foveal cones looked alike, it was improbable that the 
actual stimulus differentiation should take place in them: he mentioned the 
midget bipolar cells as possibly mediating the differentiation between colours. 
Contrary to accepted physiological and photochemical principles though this 
view may be, it is supported by a further remark of Polyak’s, according to 
which the different shapes of the cones as the retinal periphery is approached 
may be associated with the supposedly parallel change in sensation. Thus, 
when the cones look all alike, a post-receptoral mechanism is used for differ- 
entiating between colours; but when they look dissimilar the work is done by 
the receptors. Results previously obtained on the foveal centre (Willmer & 
Wright, 1945; Thomson & Wright, 1947) have shown that this region is 
dichromatic and less sensitive to blue than is the fovea. According to Polyak 
himself the foveal centre is ‘absolutely free of rods’ and in the fovea there are 
only ‘a few stragglers’. Yet with fields somewhat larger than 15’ in size there 
is no trace of any reduced sensitivity to blue even though the rod-free area is 
used (Weale, 19515): it follows that the appearance of the cones provides no 
clue as to their function. On the other hand, normal subjects exhibit a regional 
variation in colour vision which can be summed up as follows: 


of Sensitivity 
vision to blue 
Foveal centre Tritanopia Reduced 
Fovea Trichro Normal 
Parafovea Trichromacy Enhanced 
Inner Anomalous 
Intermediate periphery trichromacy Enhan 
; Enhanced 


There is thus no obvious correlation between retinal structure and colour 
vision: the rods considered as a twilight cell cannot be responsible for the 
sensitivity to blue in the fovea because their spectral response cannot explain 
the difference between the sensitivity of the foveal centre and the fovea as 
a whole. Also, according to Polyak, their foveal number is very small. None 
of the other structures are very helpfu!. It is a very curious fact that, although 
the human retina consists of ten layers, or eight if the limiting membranes are 
ignored, the explanation of colour vision has been sought in one of them to the 
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exclusion of all others. Thus even Polyak, who can conceive of post-receptoral 
mechanisms taking part in the colour-differentiating process, ascribes to one 
of them all the work in one part of the retina, namely the fovea, and relegates 
it to the cones in the periphery. The view put forward here is that, broadly 
speaking, the same process takes place all over the retina. Post-receptoral 
activity modulates the message. It is only because there are fewer centres of 
such activity in the more peripheral regions that the modulation is imperfect 
and can be made to compare with foveal standards by increasing the effective 
area of the intensity of the stimulus: both are means of bringing more of the 
peripheral centres into operation. 
Comparison with other sensory data. Several reasons were given in the 
Introduction as to why the periphery should have been the Cinderella of 
colour vision. There are only three authors the conditions of whose work can 
be compared with those here discussed. Lythgoe (1931), as already mentioned, 
carried out a colour-naming test for the periphery. His qualitative conclusions 
in regard to desaturation at lower luminance levels, and the good recognition of 
blue throughout the periphery are supported by the present findings. Again, 
Stiles & Crawford (1933), ensuring that the periphery at 5° should be properly 
light-adapted, observed the tripartition of the sensitivity function in general 
and the short-wave increase in sensitivity in particular. Walters & Wright 
(1943) have not observed either of these phenomena when measuring the 
spectral sensitivity at a retinal location of 10°, a 2° field being employed. Their 
failure is probably due to the use of a surround of zero luminance and a rela- 
tively large test-field. Parsons (1924) gives.a résumé of a number of older 
investigations on the peripheral spectral sensitivity at photopic luminance 
levels, but unspecified retinal locations. The maxima of some of these smooth, 
single-humped functions are in the yellow or orange part of the spectrum. 
Hartridge (1949) has taken this to mean that the periphery is characterized by 
a mechanism, the ‘yellow receptor’, particularly sensitive to this part of the 
spectrum. Unfortunately, for this view, these older data had not been 
corrected for the energy distribution of the various light sources used. When 
this is done they agree substantially with data obtained foveally. To quote 
from Parsons’s book: ‘On comparison of the peripheral photopic luminosity 
curve with Kénig’s and Abney’s (foveal) luminosity curves, making allowance 
for the fact that the two former are with gas light, the latter with arc-light, 
we see that they agree.’ This means that the equal energy correction moves 
the maximum to about 550 my. Such a shift seems incredibly large but 
becomes plausible when it is realized that Kénig’s foveal curve (Starling, 1949) 
has its maximum at 610 my and the application of the appropriate correction 
moves it to 550 my. 

Peripheral colour sensations. Lythgoe (1931) has given a qualitative account 
of the variation of the colour sensations between the fovea and the extreme 
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periphery under conditions of both light- and dark-adaptation. The present 
writer concurs with it. From the point of view of measuring wave-length 
discrimination, however, the following additional point ought perhaps to be 
emphasized. The relatively good wave-length discrimination at shorter wave- 
lengths is due to a rapid change, not 6o much in the sensation of hue as in that 
of saturation. Thus, if A and B are blue, and A is changed towards the longer 
wave-lengths, the difference between the two is not that A becomes greener, 
but less distinctly blue and more nearly white: The red-green confusion is such 
that a field, seen as green foveally, is sometimes called orange when viewed 
peripherally. Similarly, a field seen foveally as orange, may appear as deep 
red in peripheral vision. It is frequently stated that yellow and blue are the 
two sensations which persist, under constant conditions, farther away from 
the fovea than any other. While it is certain that blue is recognized as such 
well into the periphery, the quality of yellow is doubtful. The present observer 
was only aware of a very desaturated sensation, due to an admittedly small 
field, and would have been at great pains to ascribe any colour-name to it: 
it may well be that because yellow is the most desaturated colour in normal 
foveal vision it experiences a smaller change than either red or green, and 
hence is said to be an invariable colour. 

The relative enhancement of the sensitivity to blue light as observed in 
extra-foveal regions accompanies the above-mentioned saturation and is 
probably due to the eye being light-adapted (cf. Hunt, 1952). This was shown 
quantitatively in a dramatic way. The test-field A of wave-length 460 my was 
directed at the retinal periphery in the absence of the white surround. It 
appeared as a small desaturated blue field. Then the white surround was 
switched on. The above small desaturated field flashed as it were into a sub- 
jectively larger and much more saturated field. This change was instantaneous 
and more marked for the bright surround. Other hues were not similarly 
affected. The size effect is opposite to what is observed with white point images 
seen foveally (a 50’ field viewed peripherally can perhaps be compared with 
a point image seen foveally, cf. Rénne (1915)). Since this effect is absent from 
the fovea but present in the periphery, and rods likewise exist only outside the 
foveal centre, increasing in density with eccentricity (Osterberg, 1935), it is 
permissible to associate one with the other. The only objective experimental 
result supporting this view is Granit’s observation (1947) that the guinea-pig’s 
pure rod retina exhibits a modulator effect maximal at 460 my, and super- 
imposed on the visual purple dominator when the eye is light-adapted. If the 
increase in the subjective size of the image is due to synaptic linkages, the 
improved saturation is unexpected (Hunt, 1950). On the other hand, it may 
be that ‘saturated’ colours can be perceived in the retinal periphery only if 
there is an adequate number of stimulated receptors. The variation of the 
colour-fields with the size and intensity of the test-field (Abney, 1913) and 
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observations made on colour-defective subjects lend some support to this 
hypothesis. 
Conclusion 

One of the objects of this investigation was to discover if there were any 
correlations between peripheral colour vision and other properties of the 
visual path. The expected effect of the rods on the sensitivity was not observed. 
Further, the shapes of the sensitivity curves were not found to be identifiable 
with any of the absorption spectra of the known visual pigments (Dartnall, 
1952). The tripartition of the sensitivity data, moreover, does not completely 
harmonize with Le Gros Clark’s. correlation between the visual sensation in 
man and the lamination of the lateral geniculate body in other primates. 
Lastly, Granit’s belief (1947) that the human periphery may be very similar 
in its properties to that of the cat, while supported by some (Weale, 1953), is 
not confirmed by the present data. 

The only link between these and any other results consists in the tripartition 
of the foveal and peripheral sensitivities and the dichromacy of the colour 
vision accompanying them. Now the peculiar point common to all the pro- 
posed correlates mentioned in the Introduction—namely the retinal structure, 
the lamination of the lateral geniculate body, the structure of the visual cortex, 
the absorption spectra of photosensitive substances—is that they are essen- 
tially static factors. If the visual act is mainly of a dynamic nature, these 
factors will be unable to give any but the most superficial correlation because 
they imply a state of equilibrium. The dimension of time is not considered. 
Granit conceives modulation as something temporally static. If, however, 
a temporally variant element were to contribute to the process of vision none 
of the factors here mentioned could provide it per se. Only a neural mechanism 
can step into the breach: but the mode of its action remains to be elucidated. 
Thus the failure to achieve the expected correlations between peripheral colour 
vision and other attributes of the visual mechanism is probably due to the same 
reason as applies to the fovea: it would appear that they can be carried out 
only when all the non-sensory links in the visual chain are forged. 


SUMMARY 


1, The spectral sensitivity and wave-length discrimination have been 
measured at retinal eccentricities of 25, 45 and 70°. The test fields subtended 
at the eye an angle of 50’. Two luminance levels, 1-5 and 100 e.f.c. were used. 

2. The fact that sensitivity data obtained with small fields exhibit en- 
hanced sensitivity in three spectral regions—in the orange, green, and blue or 
violet respectively—in retinal locations of 0, 10, 15, 25, 45 and 70° suggests 
that three principal spectral mechanisms are present all over the retina. 

3. The apparent incompatibility of this finding with the red-green confusion 
observed in wave-length discrimination measurements is discussed. 
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4. Wald’s explanation of the improved sensitivity at high frequencies 
(short wave-lengths) in extra-foveal regions as being due to the absence of 
macular pigment is thought to be inadequate. An improvement in the receptor 
sensitivity of the peripheral as compared with the central retina is suggested 

as being an important contributory factor. 

5. Parallels are sought between colour vision on the one hand and retinal 
structure and location on the other. 

6. A comparison is made between the sensations due to spectral stimuli as 
seen foveally and peripherally respectively. 


I should like to thank Mr 8. E. Veronique for his help in recording the measurements. 
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THE LOCALIZATION OF FUNCTION IN THE 
RABBIT RETINA 


By L. C. THOMSON 
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In Granit’s (1946) method for measuring the action potentials in single nerve 
units of the visual pathway, the front half of the eye of the animal was 
removed and a microelectrode inserted into the remaining vitreous so that it 
rested upon the front surface of the retina. The electrode was in contact either 
with the ganglion cell bodies which give rise to the optic nerve fibres (Rushton, 
1950), or the fibres themselves as they lay on the surface of the retina. A great 
deal has been learnt about the function of the retina by using this method, 
but there is the disadvantage that accurate stimulation of the photoreceptors 
affecting the response of the single units is technically very difficult. Granit, 
in his later experiments, flooded the whole receptor field with light and ha; 
been interested in problems which do not require precise stimulation of the 
photoreceptors. 
A method for measuring potentials in single units of the optic nerve outside 


__ the globe has therefore been developed so that the normal dioptric mechanism 


of the eye could be left intact and utilized for focusing the light precisely on 
the retina. Such an experiment has two further advantages, first that the 
single unit potentials so obtained must come from nerve fibres and not from 
nerve cells or synapses, and, secondly, that damage to the eye and its blood 
supply is altogether avoided. 

The localization of function in the retina. Precise stimulation of the retina 
with light, combined with records of the electrical behaviour in the optic. 
nerve, was first undertaken by Adrian & Matthews (1927a, 5) who used as 
their indicator of response the action potentials obtained from the whole optic 
nerve of the conger eel. These authors showed that the response of the nerve 
to increase of intensity of the stimulating light was similar to that obtained if 
the intensity was maintained constant and the area of retina illuminated was 
increased. The relationship 4 x, where A represents the area of the retinal 
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image and J the intensity of the light, was found to be constant. From this 
result Adrian & Matthews (1928) concluded that each optic nerve path had an 
overlapping distribution on the retinal surface. 


Hartline (1940) has also investigated the receptive fields on the retina of 


single optic nerve fibres in the frog and has demonstrated that. photoreceptors 
over an area of diameter 1 mm can affect the activity of a single fibre. In the 
present work the receptive fields of single optic nerve fibres in the rabbit have 
been investigated, so that some knowledge of the retinal organization in 
mammals could be obtained. 

METHOD 


General procedure. The rabbits were anaesthetized and the operation of decerebration performed. 
The action potentials, which were displayed on one beam of a cathode-ray tube, were recorded 
with a microelectrode from the intracranial portion of the nerve exposed by the operation. The 
eye was stimulated with light through the normal dioptric mechanism. 

The microelectrode. The action potentials in the optic nerve were obtained by using a modifica- 
tion of Weale’s (1951) silver-filled glass microcapillary, the final form of which is shown in Fig. 1a 
The making of this electrode was improved by watching the electroplating operation with a dis- 
secting microscope so that the growth of the silver chain could be seen and controlled by adjusting 
the flow of current. With the correct current the silver grew in a solid chain down the glass 
capillary tube and filled the last 300 of the electrode completely. Plating of the last 15 was 
observed under a Newton long-working-distance objective so that the details of the tip structure 
could be clearly seen. Currents of a fraction of a microampere were necessary to form the tip of 
an electrode 10 in diameter, which had to have at least 4-5, of silver projecting clear from 
the end of the glass tube to be satisfactory. 
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(a) (b) 

Fig. 1. (a) The structure of the silver-filled microcapillary electrode. A, glass envelope; B, platinum 
wire; C, solder joint; D, silver wire; HZ, silver crystal chain. (b) The electrical circuit of the 
input system. A, active electrode; B, electrode on frontal bone. TAIL, attached to the animal’s 
occipital muscles. 


Electrodes produced in this way had a low d.c. resistance and were robust and stable in opera- 
tion provided they were washed with distilled water before and after use. They could be replaced in 
saturated silver nitrate solution and kept for several weeks. The electrode must be washed in 
distilled water before use to prevent cauterizing the nerve with a drop of concentrated silver 
nitrate solution. 
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A further modification of technique was to fill the electrode initially with a hot saturated 
solution of silver nitrate so that crystals of silver nitrate would be formed within the tube on 
cooling. There appeared to be a limit to the amount of silver which could pass through the tip 
during the electroplating process, and the formation of a solid silver chain in electrodes with 
smal] tips was assisted by the presence of these crystals. 

Extra stability of the electrode and immunity from damage by vibration was obtained by 
soldering the silver wire, from which the crystal chain grew, on to the end of a piece of platinum 
wire of the same gauge. Insertion of the silver and platinum into the capillary tube from the 
wide end then enabled the glass to be sealed tightly round the platinum and so give a mechanically 
stable joint between the silver wire and the electrolytically deposited chain. Although it was 
possible to plate the silver directly on to platinum wire, the resulting electrodes were always of 
poor electrical stability. 

Recording apparatus. The microelectrode was attached to one grid of a double-sided cathode 
follower unit, the circuit of which is shown in Fig. 1b. The other grid was connected to a cotton- 
wool tuft soaked in physiological saline, which was placed on the rabbit’s frontal bone. The ‘tail’ 
of the cathode follower was also connected to a cotton-wool tuft which was in contact with the 
occipital muscles, Thus the whole of the input system was ‘floating’ with respect to earth. 

The input impedance of this system was >1000MQ. The output was led to a double-sided 
direct-coupled amplifier which possessed one stage of condenser coupling. The time constant of 
this stage could be varied and was usually 1-5 msec. The upper frequency response was limited 
to 90 % at 800 o/s by a condenser load.‘The output from the amplifier was led to one beam of 
a double-beam cathode-ray tube, the other beam being used for recording the time trace and 
duration of light flash. Connected to the output of the amplifier was also a loud-speaker unit. 

The optical system. The main components of the system are shown in Fig. 21. The light source 
(a) was a G.B. Kalee Cinema lamp, in which there is a high intensity electric arc. The curved 
mirror of this apparatus focused the light on to an aperture in an asbestos screen (b) which limited 
the amount of heat and light entering the rest of the system. From this focus the light diverged 
to pass through a water cell (c) in which was suspended a piece of heat-absorbing glass (Chance 
O.N. 20). The lens (d) then focused an image of the positive carbon on to the slit of the spectro- 
scope (f), the light having passed through a further piece of heat-absorbing glass (e). 

The spectroscope followed that designed by Wright (1946). The dispersing system (g) formed 
a spectrum at (h) and the required wave-lengths were reflected back into the dispersing system by 
the prism (j) which was imaged at the exit slit (&). The returning beam passed through the 
dispersing system (g) below the forward beam. The intensity of the light was controlled by neutral 
wedges situated in front of the reflecting prism (/). A shutter for controlling the length and timing 
of the stimulus flash was placed at (m) and the opening of the shutter was controlled electronically, 
and recorded by allowing light from a small lamp to pass through and illuminate a photocell. 
The voltage generated by this cell deflected the lower beam of the cathode-ray tube upwards. 
A further rotating sector for providing a rapid succession of flashes was placed at (7). 

The diverging light from the exit slit (k) was brought to a focus on the pupil of the arfimal’s eye 
by the lens (p), so that the image of p, evenly illuminated with light, lay on the rabbit's retina. 
A variable diaphragm (g), which partitioned the image of the prism face in lens (p), enabled one to 
divide accurately the image lying on the retina, The position of the light spot on the retina was 
controlled by the mirror (r). This mirror could move up and down in a vertical direction and was 
attached to a ramp which gave it an appropriate tilt so that the light beam always travelled 
through the anterior nodal point of the eye. This ensured that the image of p swept evenly over 
the retina. To obtain stimulation in other meridians the mirror (r) and its slide mechanism could 
be moved horizontally around an arc, the centre for which was also at the anterior nodal point. 
When this movement had been made the beam was re-aligned on the mirror by adjustments of the 
prism (8). By this means some 60° of the retina, in both directions, could be stimulated. The 
cornea was kept in good condition by fitting a contact lens (¢) to the eye. This lens had worked 
upon it a +4D lens to allow for the hypermetropia of the anaesthetized rabbit's eye. 
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the intensity control (I) was supplemented by placing extra neutral density filters 
at (v). The intensity of the stimulus could be measured by inserting photocell (w) into the beam. 
A white stimulus, similar in size to the prism image of the spectroscope, was provided by il- 
luminating the exit slit (k) with light from the source (z) via the lens and prism system (y). This 
secondary system was put into place by a lever mechanism and was arranged to be exactly con- 
jugate with the monochromatic source. The image of the exit slit in the plane of the animal's iris 
was a circle of diameter 5 mm. 
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Fig. 2. I. The main optical system. a, the high intensity arc light source; b, aperture in asbestos 
screen ; c, water cell in which is a piece of heat-absorbing glass; d, lens to focus the image of the 
positive carbon on the slit f; ¢, second piece of heat-absorbing glass; g, dispersing system ; 
h, spectrum ; j, reflecting prism ; k, exit slit; 1, intensity control; m, shutter; n, rotating sector ; 
p, object lens; g, variable diaphragm ; r, scanning mirror; s, prism for alinement of the beam 
on the scanning mirror r; t, contact lens; v, accessory intensity control; w, photocell ; z and y, 
secondary white source of light. Recording system for shutter: 0, photocell; z, light source. 
Il. Ancillary optical system. 1, light source (white); 2, diaphragm; 3, object lens. III. The 
structure of the retinal image when the system shown in Fig. 2 II is used. IV. Retinal 
viewing system. a, primary image of the retina; b, 3 in. microscope objective; c, magnifying 
lens; d, spectacle prism. 


Ancillary optical system. At first the scanning mirror as a means of stimulating the retina was 
a failure, and a lens system which could illuminate an area corresponding to 35° of visual angle 
was made from a short focal length microscope condenser lens. The optics of the system are shown 
in Fig. 211. When the eye was placed close to the lens the light from the source (1) was brought 
to a focus in the plane of the pupil so that the eye would see the condenser lens (3) evenly il- 
luminated with light and covering a large portion of the visual field. The plate (2) blocked the 
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light from half the lens, and the structure of the retinal image is shown in Fig. 2111. If the system 
was rotated about its optical axis, the image of the illuminated semicircle could be applied to 
various parts of the retina. 

The retinal viewing system. The optics of the viewing system are shown in Fig. 2IV. The light 
from any point on the retina was rendered parallel by the eye lens, reflected from the scanning 
mirror and brought to a focus at the point (a) by the 3 in. microscope objective (b). The image of 
the retina formed at a was observed through the magnifying lens (c). The small spectacle prism 
(d) was necessary to correct the direction of the emergent beam. With this system the position of 
the stimulating spot on the retina could be seen, 

Calibration. The wave-length of the monochromatic light and the density of the wedges situated 
at | were determined in the way described by Wright (1946). The relative energy in the spectrum 
was measured with a photomultiplier cell by a method described by Thomson (1949). For some of 
the work the secondary white source was used and the intensity of this beam was controlled by 
inserting neutral filters at v (Fig. 21). 

Procedure. The adult rabbit was anaesthetized with pentobarbitone sodium followed by 
thiopentone or with urethane or ether. During the operation of decerebration, which was carried 
out with a sharp knife, care was taken to avoid lifting the optic nerves away from the floor of the 
cranial cavity and so damaging their blood supply. The brain section passed superior to the 
superior colliculus and the optic pathways were divided at the chiasma. No main artery was 
obstructed or tied during the operation, and it was usual to lose only a few ml. of blood. Time was 
then allowed for the rabbit to recover from the anaesthetic and as soon as reflex movements were 
seen 1-5 mg/lb. body weight of p-tubocurarine were given to immobilize the animal. 

The perineurium of the optic nerve was then incised with a von Graefe knife under a dissecting 
microscope, and the tip of the microelectrode inserted with a manipulator. A suitable electrode 
recorded spike potentials at once, and itgwas only necessary to move the electrode downwards 
through the nerve to obtain one of sufficient size for analysis. The full intensity of white light was 
used to adjust the position of the stimulus beam so that the light could be seen passing through the 
optical media. : =o 


RESULTS 


Type of electrode. Previously, several workers have recorded spike potentials 
from single fibres of the visual pathway by applying microelectrodes to the 
surface of the retina. The potentials presented in this paper have been obtained 
from the whole mammalian optic nerve as it lies in the cranial cavity, and to 
record them certain electrodal characters appear to be necessary. 

There must be metal contact between the fibre and the amplifying system. 
Glass capillaries filled with saline or other non-metallic conductors recorded no 
potentials at all. To get potentials of measurable size the metal had to project 
for about 7 beyond the insulating sheath of glass. In one electrode the 
plating process left the metal slightly inside the glass tube and there was 
a tiny droplet of fluid filling the actual tip of the capillary. With this electrode, 
just perceptible action potentials were recorded. After removal from the 
animal the plating process was continued until the metal projected beyond the 
glass walls of the tip. When this electrode was tried again good potentials were 
measured. This experiment ghowed that even with a cathode follower input 
system potentials could not be obtained from the optic nerve unless the fibre 
was in actual contact with metal. The reason for this necessity is unknown. 

Various sizes of tip have been tried. Electrodes with tip sizes of 15y and 
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over gave minimum noise and were of low impedance, but recorded only the 
slow potentials of the electroretinogram. Electrodes of diameter less than 5 
were noisy and often unstable. Electrodes between 5 and 15y gave the best 
results and were most often used in this work. The plating process for diameters 
of tip smaller than 2, is very difficult if not impossible. 

The character of the potentials. When the optimum size of electrode was used 
the action potentials recorded were mainly positive with reference to the frontal 
bone of the animal, and their shape is shown in Fig. 3. In this diagram each 


Fig. 3. The shape of the spike potential displayed by means of a fast time base. 
Time trace 0-25 msec. 


spike has been allowed to trigger the time base and several have been recorded 
on the same film. A fast sweep was used so'that the shape of the descending 
side of the spike can be seen. A positive potential is recorded upwards and the 
time mark in this record is 0-25 msec. After the initial positive phase there is a 
negative wave of small amplitude lasting for some 0-5 msec before the potential 
returns to its resting value. A further smaller spike is also shown. Since it is 
too small to trigger the time base it occurs as an occasional potential about 
1-25 msec after the large spike. Five or six of these potentials have been 
recorded in Fig. 3, and their shape indicates that the potentials measured in 
the optic nerve do not differ in any marked respect from those obtained from 
other nerves. Most of the fibres investigated developed a potential which, in 
the positive phase, was of approximately 50, V. 

Types of fibre found in optic nerve of the rabbit. Although there is a general 
similarity between the responses of the fibres found in these experiments and 
those found in fibres on the surface of the retina by Granit (1946), the present 
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records can, in addition, be divided into two main types. First, those in which 
the fibre has responded with a burst of impulses at both the ‘on’ and ‘off’ of 
the light stimulus, together with a continued discharge throughout the whole 
duration of the flash; and, secondly, those which only respond at the beginning 
and end of the illumination. Fibres in the first group are not as common as 
those in the second, the ratio being about 1:4. A record from a fibre in the 
first group is shown in Fig. 4a; in this tracing the action potential from the 
fibre is recorded in the upper trace and the lower carries the time mark and the 
light signal. The time is here a 20 msec sine wave and the light is on when the 
trace is displaced upwards. In this record the fibre has a slow rate of discharge 
before the application of the light. A few msec after the start of illumination 
the frequency of discharge increases abruptly giving a typical ‘on’ response. 
This is followed by a period during which the fibre discharges somewhat less 
rapidly, and then the frequency of discharge rises again to be maintained to the 
end of the stimulation. For 80 msec or so from this point the fibre is quiet, 
then the frequency of discharge rises once again to give the ‘off’ discharge 
which is itself followed by a period of slower discharge before the fibre settles 
down to a rate of dark discharge which is greater than that before the illumina- 
tion. Several of these features have been recognizable in other fibres, but the 
present record is the only one in which they are all present together. 


. Fig. 4. Types of fibre found in the optic nerve of rabbit. (a) Record of a group | fibre. (6) A group 1 


fibre obtained in the presence of decamethonium iodide. (c) A group | fibre recorded in an 
uncurarized animal. (d) A group 2 fibre showing ‘pairing’ of the spikes. In each the upper 
trace records the action potentials and the lower is the time mark. In records (a) and (d) 
displacement upwards of this trace indicates the beginning of the illumination. In records 
(6) and (c) displacement downwards indicates the beginning of the illumination. eee 
records, time mark 20 msec; lower trace, 10 msec. 


Fibres in the second group merely omit the continuous discharge during the 
light flash, and this period may be filled either with spike potentials similar in 
frequency to those recorded in the dark or by a period of complete inhibition. 
In a true group 2 fibre no increase of intensity can elicit a continuous discharge 
throughout the whole period of illumination. The only effect of intensity 
increase is to augment the number and frequency of spikes in the ‘on’ and 

‘off’ responses and shorten the latent period of the effect. 


(a) | | | 
(c) 


198 L. C. THOMSON 


Since p-tubocurarine was used to minimize the movements of the decere- 
brate animal, it might be argued that this drug has altered the responses from 
the retina. No evidence that this is so has been found, although the results 
given below have not been checked in detail in an uncurarized animal. The 
general response, however, has been recorded when decamethonium iodide is 
used instead of curarine (Fig. 45). Here the beginning of the illumination is 
indicated by a downward deflexion of the time trace. It is possible that the 
period of inhibition after the ‘off’ effect is due to the drug, but an insufficient 
number of fibres has been examined to be certain of this. In addition, the 
record in Fig. 4c was obtained in an animal recovering from anaesthesia and 
free from D-tubocurarine and decamethonium iodide. These records show that 
the general character of the response is not affected by the presence of curarizing 

One interesting feature of the spike potential responses from single optic 
nerve fibres is pairing of the spikes. This is shown in Fig. 4d in which the time 
trace is 10 msec. Here the spontaneous discharge of a group 2 fibre is recorded 
just prior to the onset of illumination. In one place the fibre has discharged 
three times within a short interval, and, later, has discharged twice within 
a single 10 msec period. Great variability in the rate of spontaneous discharge 
from msec to msec is common, and this variability is often seen within the ‘on’ 
and ‘off’ effects themselves (Fig. 8). 

Failure to obtain a localized response from the retina. For some months after 
the technique of obtaining spike records from single fibres of the-eptic nerve 
had been devised, each preparation could be stimulated with a light spot 


applied to any part of the retina. The apparatus shown in Fig. 21 was, in fact, 


useless, and it appeared that a single fibre of the optic nerve would respond to 
- activity of photoreceptors situated anywhere on the retina. This would 
indicate that the rabbit’s eye was a simple detector of light and could not be 
used for the analysis of a retinal image. 

Since the rabbit has a dioptric mechanism which gives a moderately precise 
retinal image, it seemed unlikely that it would possess no visual acuity at all, 
so the result obtained in the first experiments was clearly absurd. 

It was then suggested that the stimulating light was, in fact, far too bright; 
that the receptive field for each optic nerve fibre might be very tiny and was 
perhaps missed in the search with the scanning mirror. To obtain a response 
the luminance of the stimulus might be so great that stray light in the globe 
was acting as the real stimulus. Such a tiny area of true localization would be 
difficult to find with the scanning mirror apparatus, and to make sure that this 
possibility was not correct, the ancillary optical system shown in Fig. 211 was 
devised. 

Suppose a tiny point of sensitivity existed at S (Fig. 2III). If records were 
now taken with the dark sector in various positions around the light field, 
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a burst of impulses should be obtained when the tiny area of sensitivity is in 
the illuminated 180°, and the fibre should remain inactive when it is in the 
180° of darkness. This would be correct except in the rare case where the area 
of sensitivity happened to lie y at the centre of the image. Records 
obtained with this apparatus in some of the early preparations showed that 
responses could be obtained from a single fibre no matter how the dark area of 
the image lay on the retina; and even though the intensity of light was 
4 adjusted to be near the threshold for stimulation, all areas of the retina 
appeared to be equally capable of giving a response in the single fibre. This 
result showed that a tiny area of sensitivity was not being missed by the 
scanning mirror. The result was also confirmed in preparations which had not 
been curarized, so that the lack of localization found here could not be | 
attributed to the presence of p-tubocurarine. 


» Fig. 5. A three-quarter view of the dioptric mechanism of the rabbit’s eye, together with the 
retina and white optic nerve fibre band. A, optic nerve; B, nerve head; C, white fibre band; 
D, iris; H, cornea; F, lens; G, visual axis, 


Spurious localization. In some preparations the light spot fell on a band of 
white nerve fibres which runs across the back of the rabbit’s eye, and the 
single nerve element responded preferentially to stimulation of the retina in 
/ the region of these fibres. The rabbit’s fundus, which is'shown in Fig. 5 
together with a three-quarter view of the optical system, is uniformly brown 
in colour, except for a band of white glistening optic nerve fibres stretching 
horizontally across the back of the globe. In the centre of this band is the 
nerve head and the entry into the bulb of the retinal arteries. These arteries 
5 spread laterally with the optic nerve fibres and, with the ophthalmoscope, 
can be seen lying upon them. The band of white fibres is placed above the 
optical axis of the eye and its width usually subtends 6-10° in the visual field. 

If a vertical sweep of the spot of light was made with the scanning mirror, 
an apparent patch of activity, which was seen with the ophthalmoscope 
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attached to the scanning mirror to correspond to the white fibre band, could 
be found over 6~10° of retina. If the mirror was then moved in the horizontal 
direction and further vertical sweeps made, the whole course of the white fibre 
band could be mapped. In addition, later experiments showed that the 
threshold for stimulation of single units in the optic nerve, when the light 
struck the white fibres, was some 2 log units higher than it was when the light 
struck the true area of supply. In all experiments quoted below, the effects 
were known to have been obtained from retinae not covered by white fibres, 
because it became a routine to view the retina after each fibre had been 
investigated. It is not yet certain whether localization on the white fibres is 
obtained in animals in poor condition, or whether one misses the true area of 
the receptive field because it is not within the total field of the scanning mirror 
and then, in lieu, picks up responses from light reflected from the white fibres. 
Stimulation in this case is due to the great scattering of light within the globe 
when the spot of light falls on the fibres. 

The demonstration of true localization. The first demonstration of true 
localization of function in the rabbit retina was made in an animal anaesthe- 
tized with urethane. The ancillary optical system shown in Fig. 211 was used 
and rotated around its optical axis in 36° steps, giving ten positions in all. 
Thus, if a small patch of sensitivity were present, five records should show 
@ response, and five no response, provided that the intensity of the light had 
been adjusted to be just above the threshold. Fig. 6 shows the ten records 
obtained. The upper trace in each shows the spike potentials and the lower 
a 20 msec sine wave. The beginning of the illumination is indicated by a down- 
ward displacement of the lower trace. The ‘on’ response of the fibre is present 
in the first three and the last two records, whereas in the middle five there is no 
response, indicating that the receptive field for this fibre is small relative to the 
whole area stimulated. 

Fig. 7 shows the typical behaviour of the ‘off’ response. The abscissae give 
the number of degrees by which the stimulus spot has been moved on the 
retina by the scanning mirror and the scale on the left and dotted curves 
record in msec the time between the end of the flash and the first spike of the 
‘off’ response. Closure of the shutter is recorded by a downward displacement 
of the time trace, and for these measurements the end of the flash was taken 
as that point on the photocell record which lay half-way between the fully 
open and fully closed positions of the shutter. The scale on the right and full 
line curves record the average number of spikes per 100 msec interval when the 
average is determined over a period lasting for either 600 or 1000 msec. after the 
cessation of illumination. A sample of the actual recordings from which the 
measurements have been made is shown across the graphs, and from these 
records the ‘off’ response can be seen to be a short high frequency burst of 
spike potentials close to the cessation of the light flash. a 
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a continued discharge which eventually is indistinguishable from the normal 
spontaneous discharge of the fibre. These records have been taken from those 
obtained when the spot of light is centrally placed on the sensitive area. The 
time mark is at 10 msec intervals. 


Fig. 6. Ten records obtained with the ancillary optical system. Time trace 20 msec. This trace is 
displaced downwards when illumination begins. The upper three and lower two records show 
an ‘on’ response and the middle five no response. 


Diagram A shows that as the spot of light comes near the receptive field of 
the single optic nerve fibre, the latency of the ‘off’ response diminishes, and at 
the same time the neurone responds with an increased number of spikes. The 
area of retina contributing to the stimulation subtends about 12-15° in the 
visual field. To obtain the results shown in Fig. 7 the spot of white light 
subtended 20’ but aberrations in the rabbit’s optical system will spread 
the light and increase the effective size of the stimulus, although it is unlikely 
that the size will be doubled. 
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In diagram B the traces were recorded from the same fibre but the intensity 
of the stimulus light was lowered 32 times. If, in diagram A, the angular 
subtense in the visual field of the receptive area of a single fibre had been small, 
and the apparent receptive field of 12-15° been due to spread of light from 

the stimulating spot, then lowering the intensity 32 times would make a very 
marked difference in the measured size of the field, because reducing the 
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Fig. 7. The receptive fields of single units in the optic nerve demonstrated by the ‘off’ response. 
For each diagram the degrees through which the stimulating spot has been moved are shown 
as abscissae. The latency of the discharge is recorded on the left-hand scales in msec and 
shown as the dotted curves. The average number of spikes per 100 msec interval is recorded 
on the right-hand scales and shown as the solid line curves. A sample of the spike potential 
records from which the measurements were made is given for each diagram. A and B, from 
the same fibre. Light intensity of stimulus 32 times greater for A than for B. C, another fibre. 
Arrows indicate order in which measurements were made. D, the results of a series of stimula- 


tions of the same fibre in a vertical direction following a movement of the stimulus spot of 
5° in the horizontal direction. Details of actual recordings as for Fig. 4. 


intensity of the stimulus reduces the size of the aberration pattern in the 
image and this should be reflected in the smaller angle within which a response 
could be obtained. Since the measurements shown in B indicate that the size 
of the receptive field was substantially similar to that recorded in A, 12—15° 
is probably the angle subtended by the true area of reception of one nerve 
fibre. The geometrical size of the light spot was, therefore, voach aaa than 
the area supplied by a single ganglion cell. 
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Diagrams C and D show results obtained from another fibre. In C the arrows 
on the curve indicate the order in which the measurements were made. The 
results indicated by the arrows pointing to the right were performed first, 
then the camera was reloaded with film, an operation taking 2 or 3 min, and 
the measurements marked by the arrows pointing to the left then made. The 
diagram gives an indication of the reproducibility of these results. 
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Fig. 8. Upper half: the receptive field af a single fibre demonstrated by means of the ‘ off’ response 
and monochromatic light. Time trace of insert recording, 20 msec; other details as for Fig. 7. 
Lower half: the receptive field demonstrated by measuring the threshold energy for wave- 
length 530 my. The logarithm of the threshold energy is plotted on the ordinate. Time trace 
of insert recording, 10 msec; other details as for Fig. 7. 


For the measurements shown in diagram D the scanning mirror has been 
moved 5° in the horizontal direction from its position in C. The measurements 
refer to a vertical scan, and show that the receptive field has a horizontal 
extent. Measurements showed that this was similar in magnitude to that in 
the vertical direction. 

Monochromatic stimuli. The size of the receptive field for a single fibre has 
also been investigated with monochromatic light; the change of latency of the 
‘ off’ response is shown in the top half of Fig. 8. For this discharge the presence 
of a brisk spontaneous discharge made the determination of the first spike of the 
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response impossible, so the latency was estimated in the following way. The 
time interval between each spike of the record was determined and the reci- 
procal of this interval calculated. These reciprocals were taken as a measure of 
the frequency of discharge of the fibre at points in time midway between each 
pair of spikes. The mean of these midway times for the whole period between 
one flash and the next was calculated after each one had been weighted by its 
appropriate frequency. The time interval between this mean value and the 
end of the period of illumination was taken as a measure of the latency of the 
‘ off’ response. Three or four flashes of the stimulus were recorded at each 
retinal position, and the points plotted in the upper half of Fig. 8 are the 
averages of these three or four determinations of the latent period. The crosses 
correspond to wave-length 600 my and the circles to 530 my. The latent 
period of the response shortens as the centre of the receptive field is ap- 
proached, and there is no significant difference between the results for the two 
wave-lengths used. Since this method measures the time interval between the 
end of the flash and some point within the ‘off’ response, the values for the 
latency are greater than those shown in Fig. 7. Wave-length 600 my required 
a greater intensity of light to reach its threshold, and in performing this 
experiment the intensity of both wave-lengths was first arranged to be just 
greater than the threshold for the single fibre used. 

The lower portion of Fig. 8 demonstrates, in a different way, the receptive 
field of another single fibre. Here the scanning mirror has been set to an 
appropriate angle which is plotted on the abscissa, and the threshold light 
energy has been determined with a 20’ test field. The logarithm of this 
quantity is plotted on the ordinate and the very precise localization of the 
receptive field is well shown, because at 7° from the centre of the field the 
intensity of light required to reach the threshold of response must be 1000 
times that required at the centre. If the spot was moved farther from the 
centre, the stimulus beam had to be so bright that stray light had a stimulating 
effect, and it is possible to arrange the beam so that a response can be achieved 
from any part of the retina. For this experiment wave-length 530 my was used. 

Actual dimensions of the receptive field. The actual dimensions in microns 
of the receptive field of a single nerve fibre can be obtained from the angular 
measurements given in Figs. 7 and 8 if the distance between the posterior 
nodal point and the retina is known for the rabbit’s eye. This distance was 
determined by exposing the back of the eye in an albino rabbit and mea- 
suring the diameter in millimetres of the image formed by the animal’s 
dioptric system of the lens (p) (Fig. 21). Knowing the diameter of the object 
lens (p) and its distance from the eye, the distance between the posterior 
nodal point and the retina was found to be 5:7 mm. Using this value, each 
degree on the abscissae of Figs. 7 and 8 corresponds to 100 on the retina and 
the 20’ test spot used is equivalent to a circular retinal patch 33» in diameter. 
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The diameters of the receptive fields reported in this paper are therefore 
somewhat greater than 1 mm, a figure which agrees well with the size of 
similar areas found in the frog by Hartline (1940). 

Absolute sensitwity. The absolute sensitivity at the centre of the receptive 
field in the best preparations was 3 log units less than the absolute sensitivity 
of the human eye under similar conditions, and there was a further fal] of 
2-5 log units in the sensitivity if the light spot lay on the white fibres of the 
optic nerve. This considerable difference between the human and rabbit 
sensitivities can probably be accounted for by the inevitable lowering of blood 
pressure and consequent deterioration of retinal function which results from 
the operative procedure. 

Blood supply to the optic nerve and retina. Since the behaviour of the retina 
appeared to depend upon an adequate oxygen supply, a further investigation 
into the anatomy of the arterial system of the optic nerve and retina was 
undertaken. The usual operation for exposure of the nerves was performed and 
then, with the animal still under the anaesthetic, the external carotid arteries 
were ligated. The arch of the aorta was exposed and an injection of indian 
ink made into the common carotid and vertebral systems. A post-mortem 
examination showed the optic nerves well stained and the central arteries of 


the retina filled with ink. Although the decerebration and dissection does 


divide the intracranial communications between the vertebral and internal 
carotid arteries, the main supply to the nerves appears to be from the anterior 
cerebral via the internal carotid arteries, and the operation does not alter the 
anatomy of supply to the nerve and retina. 

In all later experiments the general blood pressure of the animal was 
measured by the method devised by Grant & Rothschild (1934) in the artery 
supplying the ear. The maintenance of a blood pressure of at least 60 mm Hg 
was all important in these experiments and the rabbit’s ability to do this 
seemed to depend to a large extent on the careful handling of the animal 
before the anaesthetic was given. In some animals when the blood pressure 
_ was maintained, the retina worked well, whereas in others, spike records could 
be obtained from the optic nerve but the behaviour of the retina was abnormal. 
Good animals were more often obtained when ether or urethane were used as 
anaesthetics. Pentobaritone and thiopentone led to a greater number of poor 
preparations and this is in keeping with the known tendency of these drugs to 
lower the blood pressure. 

DISCUSSION 

The electrical sign of the action potentials. Although the main spike potential 
was recorded as positive in relation to the animal’s body, this result can be 
explained by referring to an experiment performed by Lorente de Né (1947). 
This author recorded with a microelectrode the spike potentials generated in 
the frog’s sciatic nerve when lying én situ within the muscles of the leg and 


& 


é 
¥ 
: 
\ 


206 L. C. THOMSON 


surrounded by normal tissue fluid. The records were usually triphasic, the 
second phase being a positive one. On cutting the sciatic nerve and recording 
from the cut end, however, the potentials were predominantly positive in sign, 
with a small secondary negative phase following the main spike. The records 
given by Lorente de Né are extremely similar in shape to those shown in 
Fig. 3, and this correspondence suggests that the microelectrode is dividing 
the optic nerve fibres and then recording from the cut end of each. 

Irregularities in the frequency of discharge. Irregularities in the frequency of 
discharge and pairing of the spike potentials such as that shown in Fig. 4d and 
Fig. 8 (lower half) are sometimes taken as evidence that the electrode is in 
contact with two or more fibres, even though the height of the spike is approxi- 
mately constant throughout the record. Irregularity of frequency and pairing 
of the spikes was a common feature of the responses found in these experi- 
ments, and since it was never possible, by moving the electrode about within 
the nerve, to obtain separation of the record into two or more parts, the 
irregularities must be a feature of the discharge from a single unit. If this is 
correct then they may mean that the cell is being influenced through many 
synapses from several previous neurones, and that the timing of the stimula- 
tion via each of these pathways is haphazard. 

The nature of the element from which recordings have been made. It is possible 
that the size of the receptive field, as measured in the present work, is 
associated with one particular type of fibre in the optic nerve, and is not of 
general significance. 

The nerve is not composed of fibres of uniform size, as can be seen from 
histological sections of the rabbit’s optic nerve, kindly prepared for me by 
Dr Katharine Tansley. The fibres vary in size over a range of one to ten and 
_ there are fewer of the larger sizes, which are distributed amongst their fellows 
in a random way. The diameter of the fibres in life is always difficult to deter- 
mine from histological material because of the shrinkage which takes place 
during the fixation process, but these sections show that the largest fibres are 
unlikely to have a diameter of more than 15 ,. 

When the electrode was thrust into the nerve a potential of measurable 
size was not always obtained immediately. In some preparations the electrode 
had to be advanced 50-60, before a large spike was found. Such a distance 
should contain many of the smaller sizes of fibres and there are three possible 
explanations for the failure to obtain potentials from any position in the nerve. 

(1) That the electrode pits and buckles the nervous tissue and the 50-60 u 
distance is merely that necessary to make a penetration. If this idea is correct 
then the potentials should suddenly appear and disappear as the electrode 
passes through the nerve. Since they appear gradually this explanation is 
probably incorrect. 

(2) That the electrode only makes contact with the largest fibres in the 
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nerve, fibres which are comparable in diameter with the tip of the electrode 
and which are sparsely distributed within the nerve. 

(3) That before a potential can be recorded the electrode must gain contact 
with a fibre at some special point in its longitudinal extent. The electrode may 
divide many fibres in its 50-60, thrust, but only one or two of them may be 
severed at the correct point for a potential to be recorded. 

There is insufficient evidence for one to choose between these last two 
possibilities, and a final decision on the question whether or not all the fibres 
of the optic nerve have receptive fields as large as those measured cannot be 
made at present. 

The growping of the retinal neurones. The large size of the receptive field may 
be due either to considerable lateral spread in the retina of the dendrites of 
a single ganglion cell or to an extension of the area influencing the neurone by 
- connexions between it and the horizontal cells (Fig. 94, B). Ganglion cells 
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Fig. 9. To illustrate two possible ways in which the dendrites of a ganglion cell may be arranged 
| in the retina in relation to the extent of the receptive field. 


having dendritic spreads of 0-5 mm can be found in mammalian retinae, and 
the arrangement shown in Fig. 9A is possibly correct even though such a cell 
would have to be very large, i.e. have a dendritic spread of 1 mm. There is 
however, no histological evidence for such large cells in the rabbit retina and, 
in addition, to account for the reduction in length of the latent period of the 
‘off’ effect as the centre of the receptive field is approached, one would have 
to postulate that synapses placed at the tips of the dendrites behave in a way 
different from those more centrally placed. There is no indication in the 
literature from work with other neurones that this is likely. 

On the other hand, if the organization of the retina is as shown in Fig. 9B 
the pathway from the photoreceptors at the centre of the receptive field would 
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contain fewer synapses than that at the edge, and the shortened latency of the 
central response could then be due to elimination of some portions of the total 
synaptic delay. 

This idea is supported by the work of Adrian & Matthews (19276) who 
showed in the conger eel that four small retinal images arranged on the circum- 
ference of a 2 mm circle could, when illuminated together, shorten the latent 
period between the onset of illumination and the beginning of the response in 
the whole optic nerve. After the application of strychnine to the retina the 
distance over which interaction of effect could be demonstrated was much 
increased, and since strychnine is known to facilitate the passage of impulses 
across synapses, the authors concluded that the retinal neurones were linked 
together to a considerable extent. 

The large size of the receptor field appears, therefore, to be ini to the inter- 
connexion of retinal neurones, and it remains for further work to show whether 
these fields are common to all retinal ganglion cells. 


SUMMARY 

1. Spike potentials have been recorded with a silver-filled glass micro- 
capillary from single fibres of the intracranial part of the optic nerve in 
rabbits. 

2. The photoreceptors influencing the fibre were stimulated with a small 
spot of light focused upon the retina through the normal dioptric mechanism of 
the eye. 

3. The receptive field of a single fibre was found to be a circular area of 
retina 1 mm in diameter. 

4. As the stimulus spot moved towards the centre of this. field, the latent 
period between the end of the illumination and the first spike of the ‘off’ 
response shortened. 

5. This reduction in latent period indicates that the large size of the field is 
due to interconnexions between the ganglion cells and other retinal neurones. 


I should like to thank Mr C. J. Downing for constructing the scanning mirror assembly, and 
also Mr N. A. L. Roberts for devising a head clamp which would leave the region of the eye free 
from obstruction. Both he and Mr Downing have also made numerous other pieces of the whole 
apparatus. My thanks are also due to Mr G. R. Wright who constructed all the electrical contro! 
circuits which ensure the smooth running of a complicated experiment and to Miss M. R. Lander 
whose considerable skill in making the electrodes contributed in a very real way to the success of 
the experiments. I am also grateful to Mr E. F. Fincham for examining several rabbits with his 
optometer and providing much useful information about the refraction of these animals, and 
also to Mr T. Tarrant for drawing Fig. 5. 
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GLUCOSE MOVEMENTS ACROSS THE WALL 
OF THE RAT SMALL INTESTINE 


By R. B. FISHER anv D. 8. PARSONS 
From the Department of Biochemistry, University of Oxford 


(Received 1 July 1952) 


This paper describes further work on the absorption of glucose from the 
surviving preparation of rat small intestine which we have previously described 
(Fisher & Parsons, 1949, 1950a). It was tacitly assumed in the earlier work 
that as the mucosa, the most active tissue of the intestinal wall, was directly 
in contact with the fluid in the lumen, it would draw its nourishment from 
this fluid. Consequently, it was supposed that disappearance of glucose from 
the fluid in the lumen was due to two processes: translocation of glucose into 
the submucosal space by some of the cells, and utilization of glucose for 
metabolic purposes by all of the cells. The work to be described suggests that 
this is not so. The intestine behaves as though glucose were translocated 
across the mucosa by relatively few cells, and as though the lumenal borders 
of the remaining mucosal cells were impermeable to glucose. The glucose con- 
centration in the fluid in the submucosal space of the surviving intestine 
rises sharply during glucose absorption, and most of the glucose supply of 
the mucosa is presumably derived from this source. 

The general relation existing between glucose concentration in the lumen 
and the rate of absorption is described and discussed. 


METHODS 


(Glucose concentrations are expressed as percentages; the meaning here is g of glucose/100 ml.) 

The isolated intestine preparation of Fisher & Parsons (1949) was used. The technique of 
sampling circulating fluids was modified. Towards the end of the period of observation most of 
the circulating fluid was drained into a volumetric flask without interruption of the circulation. 
At the end of the period, approximately 50 ml. of glucose-free, warm, oxygenated Ringer were 
introduced, allowed to circulate briefly, and withdrawn as far as possible. The circulation was not 
interrupted. A further 50 ml. of Ringer were introduced and again as much fluid as possible 
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withdrawn. With thiosulphate as a test substance, more than 99-5 % was thus recovered in 
blank runs on the apparatus. The circuit contents, collected in this manner, were analysed for 
glucose by the method of Hulme & Narain (1931); all analyses were done on cadmium hydroxide | 
filtrates (Fujita & Iwatake, 1931). 

Glucose in the intestinal tissue was determined as fermentable reducing substance as follows. 
The intestinal segment was rapidly removed from the animal or circulation unit, freed of mesentery 
and measured for length; it was then dropped into an homogenizing vessel containing 15 ml. of 
cold 6-5 % (w/v) cadmium sulphate. The segment was homogenized for 5 min in a Folley & Watson 
(1948) apparatus. The homogenate was neutralized with 2n-NaOH, using phenolphthalein as 
internal indicator and then centrifuged to remove air bubbles. The homogenate was re-suspended, 
made up to @ standard volume and filtered. Total reducing substance and non-fermentable 
reducing substance were determined on the filtrate. Thoroughly washed fresh baker's yeast was 
used for fermentation: 3-5 ml. of a suspension containing equal volumes of packed yeast cells 
and water were mixed with 5-10 ml. of the cadmium hydroxide filtrate (containing up to 10 mg of 
fermentable reducing substance) and shaken at 30° C for 30 min. The yeast was separated by 
filtration through a Jena G-4 sintered glass filter, and the amount of non-fermentable reducing 
substance was determined in this filtrate. The difference between the amounts of reducing sub- 
stance before and after fermentation was taken as the amount of fermentable reducing substance. 

When the water content of a segment of intestine was to be measured, the segment was freed 
as far as possible of mesentery, slit longitudinally and laid between sheets of hardened filter-paper 
to remove surface fluid. The segments were transferred to weighing bottles and dried at 105° C. 
These very thin sheets of tissue dried to constant weight in 3 hr. When water-content deter- 
minations were being made on a number of segments the pairs of hardened filter-papers were 
kept in a pile bordered by sheets well moistened in Ringer. 


RESULTS 


The effects of altering the concentration of glucose in the outer fluid 

The rate at which glucose disappears from the lumen and the rate at which 
it appears in the fluid bathing the intestine were measured in experiments in 
which the inner fluid contained initially 0-5 % glucose. The outer fluid con- 
tained initially 1%, 0-5 % or no glucose, and the period of observation was 
1 hr. The results are given in Table 1. They show that, although increasing the 
glucose concentration in the outer fluid has only slight effects on-the rate at 
which the glucose disappears from the lumen, there is a marked depression of 
the movement of glucose from the intestine into the outer fluid. There is 
a discrepancy between the amount of glucose disappearing from the lumen and 
the amount which appears on the outside of the intestine. 


TABLE 1. Effects of alteration in outer fluid glucose concentration on the movements of glucose 
into and out of the intestinal wall in 60 min periods, when the initial inner fluid glucose 
concentration is 0-5 % 


Mean glucose movement 
Initial (mg/cm intestine/hr) 
fluid No.of Appearance 
in outer oO. ppearance 
(g/100 ml.) animals from inner outer Discrepancy 

0 8 2:13+0-11 0-98+0-11 1:1540-06 
0-5 9 1-85+40-07 0-54 + 0-04 1-3140-08 
1-0 6 1-87+0-09 0-26 40-13 1614011 
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The upward trend of the discrepancy with rising outer glucose concentration 
is probably real, for the difference between the two extreme values is statisti- 
cally significant (P=0-01). (In making this test allowance has been made for 
the fact that one comparison is being chosen out of a possible three.) 


Glucose movement from the outer fluid into the intestine 

A series of experiments was then undertaken to measure the rate at which 
glucose moved from the outer fluid into the intestine when there was no 
absorption. No glucose was, therefore, introduced into the lumen, and the 
outer fluid glucose concentration was initially either 0-5, 1 or 2%. The 
experiments lasted 1 hr and the results are given in Table 2. During the course 
of the experiments only very small amounts of glucose appeared in the inner 
fluid; the final concentration there was never more than 1-2 mg/100 ml. for 
a 50 cm segment. Comparison of the last line of Table 2 with the first line in 
Table 1 show that a glucose concentration in the outer fluid of 2 % is required 
to cause glucose movement into the wall of non-absorbing intestine at a rate 
which is as great as the fastest rate of glucose movement in the opposite 
direction, out of the intestinal wall, when absorption is proceeding. 


TaB_E 2. Disappearance of glucose from the outer fluid in 60 min experiments in which 
the inner fluid contained no glucose 


Initial Mean rate 
fluid No. of 
outer flui 
(g/100 ml.) animals (mg/cm/hr) 
0-5 6 0-43 + 0-04 
1-0 6 0-82 + 0-02 
2-0 6 0-97+0-04 


The glucose and water content of the intestinal wall 

The glucose and the water were determined in freshly excised segments, 
and in segments which had survived for 30 or 90 min with initial glucose con- 
centrations in both inner and outer fluids of 0-5 %. The glucose content was 
also determined in segments which had survived for 60 min, absorbing glucose 
from 0-5 % solution but with no glucose initially in the outer fluid. There was 
no dependence of glucose content on position in the small intestine, and the 
mean glucose content for each series is given in Table 3. It appears that there 
is @ retention of glucose in the intestinal wall during absorption and that the 
amount retained becomes steady by the end of the first 30 min. The initial 
presence or absence of glucose in the outer fluid appears to have little effect on 
this retention. 

The total water content of the segments taken from the living animal 
was found to be 23-4+0-44 (6)yl./cm, while after surviving for 30 min it 
rose to 51°25+2-14 (6)ul./om. After 90 min survival the water content 
was 55-7 + 1-75 (3)yul./om. It follows from these figures that there is a rapid 
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accumulation of water in the intestinal wall during the first 30 min of survival 
(the water content is in fact doubled during this time), but that no further 
accumulation occurs during the next 60 min of survival. Thus, the mean 
concentration of glucose, supposing it to permeate all the tissue water, would 
be for fresh intestine, 

100 x 19/23 mg/100 ml. =83 mg/100 ml., 
and 100 x 178/51 mg/100 ml. = 350 mg/100ml. 
in intestine which has survived for 30 min. 
TaBxE 3. Distribution of fermentable reducing substances in rat intestinal wall 
Survival Initial outer Fermentable 


time No. of glucose substance 
(min) segments (%) (mg/cm) 
Controls 13 0-019 + 0-005 
30 8 0-5 0-178+0-018 
90 8 0-5 0-189 +4 0-025 
60 6 None 0-155 + 0-009 
The effect of change of inner glucose concentration on the rate of absorption 
from the lumen 


In the conditions of our experiments glucose is absorbed from the lumen 
faster than water, so that during any period of observation the glucose con- 
centration in the lumen falls progressively. Thus, if the absorption does depend 
upon the concentration in the lumen, the average absorption determined over 
any period will vary with the length of that period. We have therefore 
examined how changes in inner fluid concentration affect glucose absorption 
and whether this effect has to be allowed for in making comparisons of — 
movements in consecutive periods. 

As a preliminary, we have measured absorption over periods of 60 min, with 
initial inner glucose concentrations of 0-25 and 0-1 %, the outer fluids con- 
taining 0-5 % glucose. The absorption rates found were 1-44 and 0-86 mg/ 
cm/hr respectively. From Table 1 it will be seen that the corresponding rate 
when the initial glucose concentration is 0-5 % is 1-85 mg/cm/hr. These results 
are shown plotted in Fig. 1, together with similar data for 2-5 and 1:0% 
initial inner glucose concentration which had been collected earlier for other 
purposes. In Fig. 1 the abscissae represent reciprocals of the initial concentra- 
tions and the ordinates reciprocals of the average absorption rates. The points 
fall on a straight line, and it follows that the relation between the initial 
concentration (z,) and the average rate of glucose absorption (R) can be 
represented empirically by an-equation of the Michaelis & Menten (1913) type, 
namely 


1 
(1) 


where a and b are constants. 
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This can be transformed to the linear relation between reciprocals, as in 


As we show in the Appendix, if the relation between the concentration at any 
moment and rate of absorption at that moment is of the form of eqn. (1), 
then the telation between initial concentration and average rate of absorption 
will be expected to be also of the form of eqn. (1). 
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Reciprocal of absorption rate (mg/cm/hr) 


Reciprocal of initial glucose concentration (g/100 mi.) 

Fig. 1. The linear relation between the reciprocal of the initial concentration of glucose in the 
lumen of the surviving rat intestine and the reciprocal of the mean rate of glucose absorption 
(60 min periods). Each point represents the weighted mean of six determinations on six 
segments from three animals. 


That is, if the absorption rate, r, at any moment i is related to the concentra- 
tion, z, at that moment by 


ae 8) 


then eqn. (1) should obtain, the parameters 6 and K,, being related in quite 
simple fashion. Thus, the relation demonstrated in Fig. 1 implies that, over 
the range of initial concentrations studied, the kinetics of glucose absorption 
appear to have a limiting velocity (given by the parameter ‘a’ of eqns (1) and 
(3)) and a characteristic half-saturation concentration, K,, (eqn. 3). Also, as 
is shown in the Appendix, the observed parameter b and the parameter K,,, 
are related in such a fashion that it is possible, for any given value of K,, and 
Zp, to calculate the average rate of absorption during the interval in which the 
concentration in the lumen falls to some specified fraction of its initial value. 
If the data of Fig. 1 are thus analysed, it appears that, for experiments in 
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which the initial concentration of glucose in the lumen is 0-5 %, the average 


rate of a ion will vary by only 7 % over time intervals in which the 
concentration has fallen to 80 %, or to 50 % of the initial value. 


Glucose movements over varying intervals of time 

Experiments have been performed in which segments have been maintained 
on circulation units for 30, 60 and 90 min with initial glucose concentrations 
of 0-5 % in inner and outer fluids. The observed rates of glucose disappearance 
from the inner fluid, glucose appearance in the outer fluid and discrepancy 
between these two, are given in Table 4. 

As the first four animals used for this series of 60 min observations showed 
very good agreement with those reported in Table 1, the two series were 
pooled, (The average absorption was 1-85+0-07 mg/cm/hr for the eight 
animals of Table 1 and 1-89 + 0-09 for the four animals of this series.) 


TaB_e 4. The movements of glucose into and out of the intestinal wall, when initial inner 
and outer fluid glucose concentrations are 0-5 % 


movement 
(mg/cm intestine) 

of No. of Disa Ap ‘ 

expt. 0. ppearance 
(min) from inner in outer Discrepancy 

30 7 1-27+0-06 0-58 + 0-06 0-69 
60 13 1-86 +0-06 0-63 + 0-06 1-23 
90 5 2-46+0-01 0-85+ 0-01 1-61 


Tasxz 5. The data of Table 4 recaloulated to show rates of glucose 
movement in successive 30 min periods 


Mean glucose movement 

(mg/cm intestine/30 min) 
Period Disappearance A Estimated 
(min) from inner outer ‘ utilization’ 
0-30 1-27+ 0-06 0-58 + 0-06 0-53 +0-09 
30-60 0-59 + 0-09 0-05 + 0-09 0-54+0°13 
60-90 0-60 + 0-09 0-22 + 0-09 0-38+0-13 


Analysis of these results is simpler when they are expressed as movements 
during successive 30 min intervals. This has been done in Table 5. The data in 
the last column of this table are obtained by correcting the discrepancies 
between inner disappearance and outer appearance for the amounts of glucose 
retained in the intestinal wall. In the first 30 min the glucose content of the 
intestinal wall rises from a mean of 0-02-0-18 mg/cm (Table 3). The net loss of 
glucose from the system (‘utilization’) is therefore taken as equal to the 
discrepancy less 0-16 mg/cm. There is not significant glucose accumulation in 
the later periods, so that the differences between discrepancies given in 
Table 4 for these periods are taken to be equal to the ee 
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In these experiments, the final concentration of glucose in the lumen was 
never less than about 60 % of the initial value. In view of the evidence 
presented in the previous section this can be taken to mean that change in 
inner fluid glucose concentration cannot be considered responsible for any 
appreciable part of the change in rate of absorption observed. It may be 
concluded that there is a fall in the first 30 min in the ability of the intestine 
to absorb glucose, after which absorptive activity is maintained at a steady 
level for at least a further 60 min. 

Glucose ‘utilization’ remains reasonably steady over the whole 90 min 
period. 

Further observations on the kinetics of glucose absorption 

Observations have been made on the relation between initial inner glucose 
concentration and rate of glucose absorption from upper and from lower 
segments over 30 and 60 min periods. The initial concentration of glucose in 
the lumen was usually either 0-1, 0-25 or 0-5 %; the outer fluids contained 
0-5 % glucose. The results obtained are shown in Fig. 2; here the abscissae 


Reciprocal of absorption rate (mg/cm/hr) 
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Reciprocal of corrected initial inner fluid glucose 

concentration (g/100 mi.) 


Fig. 2. The linear relations between the reciprocals of the corrected glucose concentrations in the 
lumen and the reciprocals of the rates of glucose absorption, for different periods of observa- 
tion and for different locations of segments in the intestine. The numeral associated with each 
point represents the number of segments from which the point is derived. 
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represent the reciprocals of initial glucose concentration corrected, as described 
in the Appendix, for the fall in concentration during absorption. The ordinates 
are reciprocals of absorption per 60 min. The top half of the figure shows the 
results of experiments of 30 min duration, and the bottom half the results for 
the 60 min experiments. The upper line drawn in each half of the figure is the 
regression line relating the results obtained for lower segments, while the lower 
line in each half of the figure is the regression line for the results obtained on 
upper segments. It will be seen that, in each instance, the points in the figure 
lie on a straight line. Evidently the kinetics found to obtain for the whole 
intestine apply, in general form, both in upper and in lower segments, and 
retain the same form at least over a period of 60 min even though there have 
been marked changes in the glucose and water content of the intestinal wall. 
The parameters of eqn. (3), a and K,,, can be estimated from the data in the 
manner shown in the Appendix. For example, a is given in each instance by 
the reciprocal of the intercept on the ordinate-axis, and K,, by the reciprocal 
of the intercept on the abscissa-axis. The estimated values of these parameters 
are given in Table 6. Unfortunately, owing to the manner in which they are 
derived, it is difficult to assign a measure of variation to these estimates, but 
it will be seen that whereas the apparent limiting velocity constant, a, is 
greater for upper than for lower segments, the apparent half-saturation 
constant, K,,,, is independent both of the period of observation and of position 
in the intestine. 
TaB_E 6. Parameters of the relation between glucose absorption and 
concentration in rat surviving intestine calculated from data of Fig. 2 


Apparent 
A t limiting 
Duration half-saturation velocity of 
Location of expt. concentration rn 

of segments (min) Ky, (%) (mg/cm/hr) 
Oral 30 0-138 3-44 
60 0-150 3-25 
Aboral 30 0-164 1-77 
60 0-160 1-90 

DISCUSSION 


The glucose content of the wall of the small intestine taken directly from the 
rat under ether corresponds to an average concentration in the total intestinal 
tissue water of around 80 mg/100 ml. We have found that the blood ‘glucose’ 
concentration in such rats is about 140 mg/100 ml. blood, i.e. about 175 mg/ 
100 ml. of blood water. Thus the intestinal glucose behaves as though it were 
confined to a little less than half the intestinal tissue water. The surviving 
intestine, with 0-5 % glucose in inner and outer fluids accumulates both 
glucose and water, and after 30 min the average glucose concentration in the 
intestinal water is about 350 mg/100 ml. The distribution of the extra water is 
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not known. If it is distributed equally between cells and extracellular space 
the average glucose concentration in the extracellular fluid may be supposed to 
be in the region of 700 mg/100 ml. Since at this time glucose is still moving out 
into a fluid containing over 500 mg/100 ml., the concentration in the fluid at 
the base of the mucosa may be estimated to be in the region of 1%. This 
conclusion is supported by the data presented in Tables 1 and 2, which indicate 
that glucose movement out of the absorbing intestine into the outer fluid 
containing 1 % glucose is very small, and that a high concentration of glucose 
in the outer fluid is required to move glucose into the wall of the intestine when 
it is not absorbing. In other words, a steep concentration gradient is necessary 
for glucose to move at appreciable rates across the submucosal tissues. It is 
not surprising, then, that alterations in the concentration of glucose in the 
outer fluid should have little effect on the absorption rate from the lumen. 
The results do show, however, that during the first 30 min, while the glucose 
content of the intestinal wall is increasing from a low level, absorption is 
faster than it is later, when the glucose content of the wall is high and steady. 
The evidence now available suggests that an altered composition of the tissue 
fluid near the submucosa has had a direct effect on the absorbing cells. It has 
been shown that water, as well as glucose, accumulates in the intestinal wall, 
and, whether or not there is also absorption of electrolytes from the Ringer 
fluid in the lumen, it is likely that the mucosal cells of the surviving intestine 
will be exposed to an environment which differs both in osmotic pressure and 
in composition from that existing in the live rat. 

Nevertheless, the finding that the kinetics of glucose absorption conform to 
a relation of the Michaelis-Menten type is of interest. The fact that the form 
of the relation remains the same over periods when the glucose and water 
content of the intestinal wall are changing makes it likely that this type of 
relation will obtain in the living rat. In work yet to be published we have now 
found this-to be so. 

The fact that the rate of disappearance of glucose from the lumen of the 
intestine is related to the initial concentration by an equation of the Michaelis- 
Menten type might be expected if glucose absorption were effected by a chain 

enzymic processes, any of which could be the rate-limiting step. But the 
| Langmuir (1918) adsorption isotherm has exactly the form of the Michaelis- 
_ Menten equation; so, if adsorption of glucose on to some carrier complex were 
the rate limiting process, the same kinetics would obtain. This point requires 
emphasis, for kinetic relationships of the kind referred to have already been 
~ used to describe uptake or transfer of substances by living systems. Hopkins & 
Roberts (1935) showed that the fermentation of glucose by yeast followed 
these kinetics over a wide range of concentration; they assumed the rate- 
limiting process to be enzymic. Shannon (1939) found the same relation to 
hold for secretion and reabsorption by renal tubules; he derived the relation 
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from very general assumptions, suggesting ‘reversible combination with some 
cellular element which is present in constant but limited amount’ (loc. cit. 
p. 81). Widdas (1951) invoked similar kinetics to account for glucose transfer 
across the sheep placenta; he was referring to non-enzymic carrier systems. 
Rothstein, Meier & Hurwitz (1951) demonstrated that the first step in the 
fermentation of glucose by yeast is a combination of glucose with specific loci 
on the cell surface. These authors referred to the findings of Hopkins & Roberts 
and their confirmation by Gottschalk (1944), and stated ‘such studies merely 
indicate that an enzyme step is the slowest step in the chain of reactions’. 
This is not so. For example, suppose a substance to penetrate a cell as a result 
of: (1).combination with or adsorption on to a component of the cell membrane; 
(2) passage of the complex across the membrane, e.g. by thermal agitation; 
and (3) dissociation of the complex at the inner border of the cell membrane. 
Then the kinetics of penetration would be identical with Michaelis-Menten 
kinetics, provided that step (1) above was the rate-limiting reaction. 

The two characteristic constants of the Michaelis-Menten relation (a and 
K,,; eqn. (3)), should not be too rigidly interpreted. The activity of the system 
is proportional to the constant a, but it might be unsafe to describe a as 
a limiting velocity of absorption; the relation found to exist between glucose 
concentration: and rate of absorption is true only over the range of glucose 
concentrations studied ; outside this range new factors may operate which may 
result in there being a physiological limiting velocity of glucose absorption 
either greater of less than a. The ‘half-saturation’ concentration, K,,, is 
a measure of the concentration in the lumen and this is not necessarily that at 
the site of the rate-limiting process. It appears that the limiting velocity 
constant @ is greater in the upper segments than in the lower. Glucose- 
absorbing cells have been thought to occur more frequently in the mucosa of 
upper segments than in that of lower segments (Reid, 1900; Fisher & Parsons, 
19504, 5). If this is so, it would be expected that the value of a for any segment 
would be proportional to the number of glucose-absorbing cells in that segment. 
The estimated values of K,,, the half-saturation concentration, are about the 
same, 8-9 mM, in both upper and lower segments. This indicates that glucose, 
at concentrations in the lumen of 0-7 % and above, should be absorbed at 
rates of 70 % or more of the limiting velocity. Barany & Sperber (1942), using 
rabbit intestine, estimated that 0-7 % glucosé’ was absorbed at rates which 
approached a limiting velocity. On the other hand, Auchinachie, Macleod & 
Magee (1930), found an ‘optimum concentration’ of about 14 % for glucose 
absorption from isolated loops of rabbit intestine, and Verz4r (1935) reported 
that in the intestine of the living rat the absorption of glucose was inde- 
pendent of concentration only above a level of 5-5 %. 

The fact that the K,, values are similar for upper and lower segments, though 
the absorption per unit area decreases towards the ileo-caecal valve (Fisher & 
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Parsons, 19506) may provide a clue to the nature of events that contribute 
to the absorption process. 

Absorption signifies the disappearance of glucose from the lumen, and the 
glucose leaving the lumen of the surviving intestine is accounted for in the 
following ways: (a) an increase in the glucose content of the intestinal wall ; 
(b) an increase in the glucose content of the outer circulating fluid; and 
(c) a disappearance of glucose from the whole system. This latter phenomenon, 
which occurs at a high rate (1 mg/cm/hr) has been called ‘utilization’ without 

implying thereby any particular fate for the glucose which disappears 
(Fisher & Parsons, 1950a). The glucose is converted to forms which are non- 
reducing, and which are therefore not measured by our method of analysis. 

The values reported in this paper for glucose utilization by surviving 
intestine are reasonably constant over a period of 90 min. They are of the 
same magnitude as our earlier observations (Fisher & Parsons, 1950a), which 
also indicated that, unlike absorption, ‘utilization’ occurred at rates which 
were proportional to mucosal surface area. Since on functional grounds the 
mucosa seems likely to be the major consumer of glucose in the intestinal wall, 
we assumed in our earlier work that passage of glucose directly from the 
lumen into the mucosa would constitute the major utilization pathway. By 
subtracting the utilization rates from the glucose absorption rates we obtained 
a measure of the ‘translocation’, or glucose movement across the mucosa into 
the submucosal space. How far this method of estimation of translocation is 
justified will depend on how far the glucose in the lumen contributes directly 
to utilization in the mucosa. We now believe it to be unlikely that it contributes 
at all, for the following reasons. 

Glucose disappearance from the lumen has Michaelis-Menten kinetics, the 
K,, having about the same value both in upper and in lower segments. Further, 
the K,, value does not change appreciably over a period of 90. min. We must 
therefore suppose that: (1) the absorption is due to two processes with similar 
K,,; or (2) that it is due to two processes having kinetics which do not conform 
to the Michaelis type, but which sum to give an overall relation apparently 
of this form; or (3) it is a single process. The first supposition would imply that 
all, or a constant fraction of the cells of the mucosa, would have the same K,, 
for glucose uptake from the lumen. But, as we have already emphasized, 
absorption per unit mucosal area is not constant along the intestine, so some 
of the cells must take up glucose more quickly than others, although the K,,,'s 
are the same for the two sets of cells. Although not impossible, this is difficult 
to accept, particularly in view of the observed fact that ‘utilization’ and X,,, 
are reasonably constant for 90 min, but disappearance from the lumen falls off 
after the first 30 min. The second possibility also seems improbable; the third 
provides the simplest and most plausible hypothesis. We conclude, therefore, 
that absorption and translocation are the same process. This conclusion 


4 
f 
4 
‘ 


GLUCOSE ABSORPTION 221 


requires the qualification that the glucose-translocating cells must be supposed 
to utilize some of the glucose which enters them from the lumen. Since, 
despite this, absorption has the properties of a simple translocation, it seems 
that the rate of glucose utilization by the translocating cells must be very 
small compared with the rate of translocation. It must therefore also be small 
compared with the rate of glucose utilization by the intestine as a whole. 

Wherever may be the site of glucose ‘utilization’ in the intestinal wall, it 
seems possible that its rate would depend on the glucose concentration in the 
submucosal tissue fluid. So even in the living animal with an intact circula- 
tion, activity of the glucose-absorbing cells should be accompanied by an 
increased metabolism of the intestine. Thus it appears that at least two major 
types of metabolic adaptation to glucose absorption are likely to occur in the 
intestine, only one of which is directly concerned in the process of absorption. 
It is difficult to see how determinations of the change in the chemical com- 
position of the whole mucosa during absorption can throw light upon the 
mechanism of the absorptive process. 


APPENDIX 


If, in a system of constant volume k, the velocity r of transformation of 
a reactant at any instant is related to the concentration z of the reactant by 
the relation 


ax 
dz K,,+2 
then, since r= —k dz = dt. (5) 
Integrating between the limits of time of 0 and ¢, 
a 
The mean velocity of reaction, R, over the interval 0 to ¢ is 
(7) 
Substituting from this equation for ¢ in eqn. (6), and rearranging gives 
R 
If now, we write fie eae; 


Lo 
where f is the fraction of the reactant which has disappeared in time ¢, and 


substitute in eqn. (8) we obtain 1 | 
a f ( ) 
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which may be written, as in eqn. (2) (p. 214). 


aX, 
Brag (96) 
where b= 7 (10) 


Thus if the rate of reaction at any instant is related in the manner of eqn. (4), 
to the reactant concentration at that moment, then the average velocity of 
reaction over any period is related to the initial reactant concentration by an 
equation of exactly the same form. The two equations differ only in the values 
of the constants in the denominator: these values are related as shown in 
eqn. (10). Eqn. (9a) can be written 


1_ Kyl} 


This is equivalent to correcting the initial concentration, z,, for the amount 
of substrate disappearing. A plot of the reciprocal of the average velocity 
against the reciprocal of the ‘corrected’ initial concentration, 1/c,, will then 
enable the parameter K,,, to be estimated directly. The values given in Table 6 
were obtained from the data of Fig. 2 in this way. The magnitude of the 
corrections involved is shown in Table 7. 

The relations described in this Appendix are valid for a system of constant 
volume. When glucose is being absorbed under our conditions the volume in 
the lumen falls continually. It can be shown that if the volume falls at a con- 
stant rate, the relations given above are still valid, except that the ‘correction’ 
term, F, is different. It appears that the error involved in neglecting water 
absorption at rates of the order observed during the absorption of glucose 
(i.e. not more than about 150,1./cm/hr), is never greater than about 1%. . 


l 1 
7. The function F = ——- 
£. (l-f) 

f P f F f F 
0-00 1-000 0-30 1/189 0-60 1-527 
0-05 1-026 0-35 1-231 0-65 1-615 
0-10 1-054 0-40 1-277 0-70 1-720 
0-15 1-084 0-45 1-329 0-75 1-848 
0-20 1-116 0-50 1-386 0-80 2-012 
0-25 1-151 0-55 1-452 0-85 2: 

SUMMARY 


1. In the surviving intestine of the rat the rate of absorption of glucose from 
0-5 % solution in the lumen is unaffected by alteration of the glucose con- 
centration in the fluid bathing segments. 
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2. In these experiments 0-15-0-20 mg of glucose/cm accumulates in the 
intestinal wall, The process of accumulation apparently ceases after 30 min. 

3. The relation between rate of absorption of glucose and the initial 
concentration conforms to an equation of the Michaelis-Menten type. The 


apparent half-saturation concentration for the process of absorption is 8-9 mm 
and has the same value in upper and lower segments. 


4. In experiments lasting 90 min, the absorption of glucose falls to a steady 
rate after the first 30 min. This fall in absorption rate is not due to fall in 
concentration. The rate of glucose-loss from the system (‘utilization’), on the 
other hand, remains steady over 90 min at about 1 mg/cm/hr. 

5. It is concluded that glucose uptake from the lumen must contribute, at 
least indirectly, to the processes of glucose utilization, so that it is likely that 
not less than two types of metabolic adaptation occur in the intestinal mucosa 
during glucose absorption. 


We wish to thank H. Smith and Sylvia Smith for skilled assistance. 
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GALACTOSE ABSORPTION FROM THE SURVIVING 
SMALL INTESTINE OF THE RAT 


By R. B. FISHER ann D. 8. PARSONS 
From the Department of Biochemistry, University of Oxford 
(Received 1 July 1952) 


In the surviving intestine of the rat, the rate of absorption of glucose depends 
upon its initial concentration in the lumen and also upon the position in the 
small intestine of the absorbing segment (Fisher & Parsons, 1950, 1953). 
Many authors, for example Verzér & McDougall (1936) and Westenbrink 
(1936), have given estimates of the comparative rates of absorption of glucose 
and galactose; but the interpretation of such results is very difficult unless the 


effects on absorption of both concentration and segment position are known | 


for the two sugars. A study of the absorption of galactose in the surviving 
intestine has therefore been undertaken, and the results obtained are reported 
below. 
METHODS 

The rat-intestine preparation of Fisher & Parsons (1949) was used. Galactose was determined as 
non-fermentable reducing substance by the method of Hulme & Narain (1931). The reduction of 
ferricyanide by galactose was linear under the conditions used, 1 ml. of »/40 ferricyanide being 
reduced by 1-06 mg galactose, and the total reduction by mixtures of glucose and galactose was 
additive. During the fermentation of solutions containing galactose a small quantity was removed 
by the yeast. The magnitude of this effect was always determined by control fermentations; it 
never amounted to more than 3-4 %, of the galactose present, but varied with different batches of 
yeast. The collection of the circulating fluids, the method of fermentation, the measurement of 
water content of intestinal segments, and the determination of reducing substances in the 
intestinal wall have been described in the previous paper (Fisher & Parsons, 1952). 


RESULTS 
The active absorption of galactose 
Galactose movements were measured in intestinal segments which were 
exposed, on both sides, to Ringer solutions containing initially 0-5 % galactose; 
the outer fluids also contained 0-5 % glucose and the experiments were of 
60 min duration. Typical results are shown in Table 1 and demonstrate loss 
of galactose from the intestinal lumen and the appearance of extra galactose in 
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the fluid bathing the segments. Such an effect can only be accounted for by 

an ‘active’ transfer of galactose. The rates of absorption are less than those 

already reported for glucose under corresponding conditions, and the effects of 

segmental position do not appear to be so marked (Fisher & Parsons, 1949). 

TaBLe 1. Galactose movements across surviving segments of rat intestine. Initially 0-5 % 
galactose was present in both inner and outer fluids; the outer fluids also contained 0-5 % 
glucose. The mean values given are weighted to allow for the varying lengths of the segments 

Galactose movements (mg/cm/hr) 


Disappearance from inner fluid Appearance in outer fluid 
Animal Jejunum Tleum Jejunum Tleum 
1 1-83 1-05 0-57 
2 0-91 1-02 0-50 0-41 
3 0-87 0-82 0-13 0-32 
4 1-10 0-95 0-60 0-16 
5 1-24 0-99 0-65 0-25 
6 1-15 1-14 0-54 0-27 
Weighted means 1-20 0-99 0-53 0-39 
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Fig. 1. The relation between galactose absorption and mean distance of surviving segments from 
ileo-caecal valve. The whole small intestine was used from each of five animals; each intestine 
was set up as three separate segments. All results for one animal are connected by straight 
lines, Experiments of 60 min duration. Initial inner fluid galactose concentration 0-5 % (w/v). 
Outer fluids contained initially 0-5 % glucose and 0-5 % galactose. 


The gradient of galactose absorption in the surviving intestine 

In a further series of similar experiments, the whole intestine was set up on 
circulation units as three separate segments. Fig. 1 shows the results obtained. 
Here the mean absorption for each segment is plotted against the “mean 
distance’ of the segment from the ileo-caecal valve. Each set of lines in the 
figure links the results obtained for one animal. It will be seen that in every 
case the absorption from the middle segment is greater than for either of the 
extreme segments. 
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Galactose absorption and galactose accumulation in the intestinal wall 

We have shown that glucose absorption from the surviving intestine is 
hardly affected by large alterations in the glucose concentration in the fluid 
bathing the segments (Fisher & Parsons, 1953). During glucose absorption, 
however, there is a marked accumulation of it and of water in the intestinal 
wall, and these accumulations are associated with a depression of glucose 
absorption. The absorption of galactose has now been examined to see if there 
are similar effects. Galactose absorption from 0-5 % solution has been measured 
in experiments of 30 and 60 min duration. The outer fluid galactose concentra- 
tion was either 0, 0-5 or 1%, and 0-5 % glucose was always present. The 
results of these experiments are given in Table 2. They show that the absorp- 
tion of galactose from the lumen is depressed by increasing the initial con- 
centration of galactose in the outer fluid. 


TaBiz 2. The effects of duration of experiment and of galactose concentration in outer fluid on 
the rate of galactose absorption. Initial galactose concentration in the lumen was 0-5 % 


Mean galactose 
Initial outer fluid conen. (%) Duration ion for 
of expt. No. of whole intestine 
Galactose Glucose (min) segments (mg/cm/hr) 
0-0 0-5 30 6 1-2330-18 
0-0 0-5 60 12 1-1740-12 
0-5 0-5 60 16 1-0140-07 
10 0-5 60 12 0-75+0-10 


In a further series of experiments of 30 min duration we measured the 
accumulation of non-fermentable reducing substances in the intestinal wall 
during galactose absorption from 0-5 % solution. The outer fluids contained 
0-5 % glucose and 0, 0-5 or 1 % galactose. Control values, and values for 
segments absorbing 0-5 % glucose, were also determined. The results obtained 
did not depend upon the position of the segment in the intestine, and the mean 
values, calculated as galactose, are given in Table 3. The results show that there 
is an accumulation of non-fermentable reducing substance in the wall of the 


TaBLE 3. Accumulation of non-fermentable reducing substances, calculated as galactose, in the 
intestinal wall during the absorption of galactose from 0-5 % solution. The outer fluids 
contained 0-5 % glucose. Duration of all experiments, 30 min. The control segments were 
taken from anaesthetized rats 


Non-fermentable 
reducing substance 
Sugar in circulating fluids in the intestinal wall 
Outer Inner (welded aroun) 
1-0 % galactose 0-5 % galactose 0-406 + 0-027 (6 
0-5 % galactose (6) 
None ? galactose 0-266 + 0-021 (6) 
0-5 % glucose (glucose control) 0-5 % glucose 0-064 + 0-006 (8) 


Control 0-106 + 0-003 (7) 
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surviving intestine during galactose absorption, the extent of which appears to 
depend upon the outer fluid galactose concentration. There is no accumulation 
of non-fermentable reducing substances when glucose is absorbed. 

The water content of the intestinal wall of surviving segments absorbing 
0-5 % glucose or galactose has been determined in experiments of 30 min 
duration, and the results are shown in Table 4. The water content of the 
glucose-absorbing segments (Fisher & Parsons, 1953) is included here for 
comparison. It will be seen that the presence of galactose in the lumen is not 
associated with the accumulation of water, although marked accumulation 
does occur during the absorption of glucose; very little water accumulation is 
evident when glucose and galactose are absorbed together. We have frequently 
observed that water absorption proceeds much more rapidly from glucose- 
containing solutions in the lumen than it does from solutions containing 
galactose, so that it appears that absorbed water accumulates in the intestinal 
wall and that in surviving intestine water absorption is inhibited during 
galactose absorption. 


TaBLE 4. Dry weight and water content of intestinal segments absorbing glucose or galactose 
from the lumen. Each set of results is the weighted mean for six segments. Initial concentra- 
tion of each sugar, 0-5 %; outer fluids contained 0-5 % glucose only; survival time 30 min. 
The control segments were taken directly from anaesthetized rate 


Dry weight Water content 
Sugar absorbed (mg/cm) (mg/cm) 
Controls 10-234 0-31 23-444 0-44 
Galactose 10-71+40-57 24-23 + 0-52 
Glucose 12-03 + 0-44 51-2542-14 
Glucose and 10-02 + 0-44 30-80 + 1-50 


The data presented in Tables 3 and 4 show that at least 160 g/cm of galactose 
accumulated in the intestinal wall after 30 min absorption from 0-5 % solution 
in the lumen, none being initially present in the outer fluid. Even if it pene- 
trates the whole of the intestinal tissue water, the galactose concentration 
must be nearly 0-7 %; if galactose is confined to only one-third of the total 
intestinal water, its concentration would be about 2 % after 30 min absorp- 
tion. When 1 % galactose is initially present in the outer fluid, the corre- 
sponding figures are 1-2 % and nearly 4%. 


The kinetics of galactose absorption 
The rate of absorption of glucose is related to the concentration in the lumen 
by an equation of the Michaelis-Menten type (Fisher & Parsons, 1953). If the 
average absorption rate is R and the initial concentration in the lumen is 2, 


R (1) 
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(2) 


so that if the kinetics of absorption are of the Michaelis-Menten (1913) type, 
the reciprocals of the average absorption rate and initial concentration should 
be linearly related. This relation has been tested for galactose absorption. The 
initial concentrations used were 0-2, 0-3, 0-5 and 1-0%. The experiments 
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(mg/cm/hr) 


Reciprocal of average rate of absorption of galactose 
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Reciprocal of corrected initial glucose concentration 
(g/100 mi.) 

Fig. 2. The relation between the reciprocal of the initial concentration of galactose in the lumen 
of the surviving rat intestine and the reciprocal of the mean rate of galactose absorption. The 
initial concentrations have been corrected for the fall in concentration that occurs during 
absorption. The figures in brackets below each point represent the number of observations 
from which each weighted mean value was determined. Experiments of 30 min duration. 
Outer fluids contained initially 0-5 % glucose. 


lasted for 30 min, the outer fluids initially containing only glucose. The results 
are shown in Fig. 2. Although there is more scatter than was observed for 
glucose (Fisher & Parsons, 1953), the points are related in a linear fashion. 
.it appears that galactose absorption depends upon concentration, the relation 
being of the Michaelis-Menten type. Analysis of the data of Fig. 2in the manner 
already described for glucose gives 0-63 % (35 mm) as an estimate of the 
apparent half-saturation concentration (K,,,). The apparent limiting velocity of 
absorption is 3-4 mg/cm/hr. 


The interactions of glucose and galactose during absorption 
Table 5 gives the results of experiments of 60 min duration when glucose 
and galactose were present together in the lumen. The initial concentrations 
of each sugar were 0-5 % in both inner and outer fluids. For comparison, the 
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galactose-absorption rates found with this outer fluid composition and 
reported in Table 2 are also given. It will be seen that when the two sugars 
are present together in the lumen, the rate of glucose absorption is about three 
times that of galactose, the absorption of which is depressed to about half the 
usual rate. Since glucose will accumulate in the intestinal wall in these condi- 
tions, the effect of glucose on galactose absorption might be due to this 
accumulation. We tested this by measuring the absorption of galactose when 
the outer fluid contained glucose, but no galactose, at concentrations of 0-1 or 
1-0 %. Karlier work had shown that glucose would enter the intestinal wall 
from the outer fluid at rates dependent upon the outer fluid concentration 
when no glucose was present in the lumen. The results are also given in Table 5 
and show that galactose absorption from the lumen is not affected by the 
concentration of glucose in the outer fluid. 


TaBLEz 5. The mutual effects of glucose and galactose during absorption. Initial concentPation 
of each sugar in lumen, 0-5 %; experiments of 60 min duration 


com 
of outer fluid (%) 
Absorption rate No. of A 
Sugar absorbed (mg/cm/hr) segments Glucose Galactose 
16 0-5 0-5 
+ 
1-04-4017 6 1-0 0-0 
0-99+0-10 6 0-1 0-0 
DISCUSSION 


The results suggest that galactose must be absorbed from the surviving 
intestine entirely by an ‘active process’. After survival for 30 min the 
galactose concentration in the intestinal wall must be greater than that in the 
lumen, but absorption still continues. This ‘active process’, like that respon- 
sible for the absorption of glucose, has kinetics which, over the range studied, 
are related to the concentration in the lumen by an equation of the Michaelis- 
Menten type. The question arises whether this ‘active process’ is common to 
the two sugars. If it were, then one could expect that when glucose and galactose 
are present together in the lumen of the intestine there would be competition, 
and the absorption rates of both sugars would be depressed. Cori (1926), 
measuring absorption on intact rats, has shown that the absorptions of glucose 
and galactose are mutually depressed when a mixture of the sugars is fed. 
The data of Westenbrink & Middlebeek (1936) suggest that a similar depres- 
sion occurred in their experiments. The data presented here (in Table 5) indicate 
that the presence of 0-5 %, glucose depresses the absorption of 0-5 % galactose 
from 1-01 to 0-53 mg/cm/hr, i.e. to 52 % of its original rate. The absorption of 
glucose, on the other hand, is 1-59 mg/cm/hr when galactose is present, and 


7 
h 
4 
a 
5 
€ 


230 R. B. FISHER AND D. 8. PARSONS 


this figure can be compared with our estimate of 1-86 + 0-06 mg/cm/hr for 
glucose absorption (Fisher & Parsons, 1953). Thus the presence of galactose 
inhibits the absorption of glucose to only 85 °% of its original value. The figures 
given by Cori (1926) show that, in his conditions, the galactose absorption was 
inhibited to 38 % and the glucose absorption to 61 % of the original values. 

The amount of interaction to be expected between the two sugars during 
absorption by.& common rate-limiting process with Michaelis kinetics may be 
calculated using the relations known to exist for competitive inhibition (see, 
for example, Massart, 1950). If K,, constants for glucose of 0-15 % (Fisher & 
Parsons, 1953) and 0-63 % for galactose (this paper) are used, such calculations 
show that when the two sugars, each at an initial concentration of 0-5 %, are 
absorbed simultaneously from the lumen, the galactose absorption would be 
depressed to 34% of the standard rate and the glucose absorption to only 86%. 
Quantitative agreement between the expected and observed depression of 
glucose absorption in our experiments is thus good, but isypoor for galactose. 
Such a discrepancy would occur if the common process were normally rate- 
limiting for only one of the sugars. 

If galactose and glucose are absorbed by mechanisms having a common rate- 
limiting process, the gradients of absorption should be the same along the 
intestine; yet in the surviving intestine they are very different, for galactose 
absorption appears to occur most rapidly from segments in the middle of the 
small intestine. Also, in the surviving intestine, the average absorption of 
galactose from 0-5 % solution is only 54 % of the rate we have previously 
found for glucose; most reports in the literature suggest that, in the living rat, 
galactose is absorbed at least as fast as glucose, although the concentrations 
used were much higher than in our experiments. The answer to some of these 
difficulties may lie in the fact that when galactose is absorbed from the 
surviving intestine it accumulates rapidly in the intestinal wall to even higher 
concentrations than does glucose, and, as can be seen from Tables 2 and 3, this 
accumulation is associated with the depression of galactose gradient found in 
the surviving intestine. As we have already mentioned, the extent of the 
galactose accumulation apparently does not depend upon the position in the 
small intestine of the absorbing segment, but there is no reason why the local 
concentration of galactose in the tissue water should not vary with position in 
the intestine. We may thus conclude that, while there is nothing inherently 
improbable in the suggestion that glucose and galactose are absorbed by 
mechanisms having common processes, the properties of the surviving intestine 
are such that it is difficult to test this hypothesis conclusively. 

In the surviving intestine, water absorption from the Ringer in the lumen is 
always greater when glucose rather than galactose is being absorbed. This fact 
is reflected in the figures for the water content of the intestinal wall given in 
Table 4. The intestinal wall does not accumulate water when galactose is being 
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absorbed, but it does so in the case of glucose. It is difficult to see how the 


absorption and accumulation of water can be due to the osmotic effects of 
sugar accumulated in the intestine. This would require glucose and galactose 
to be distributed very differently from one another between the water com- 
partments of the intestinal wall. On the other hand, if the glucose-absorbing 
process is closely linked with the water-absorbing process, it seems unlikely 
that galactose and glucose could be absorbed by a common mechanism. We do 
not know the answer to these problems, but it is of interest that observations 
on the reabsorption of glucose and galactose in the kidney by Gammeltoft & 
Kjerulf-Jensen (1943) have shown that saturation of the glucose-absorbing 
mechanism reduces the simultaneous reabsorption of galactose, both in the 
cat and in man. 

We have previously shown (Fisher & Parsons, 1950, 1953) that there is 
a net loss of glucose at a rate of about 1 mg/cm/hr from the whole of the 
surviving intestine preparation when it is being absorbed from 0-5 % solution in 
the lumen. Yet the data reported here show that the intestine absorbs galactose 
as rapidly as ever when glucose is present in the outer fluid at a concentration 
of only 0-1%. At this concentration the rate of entry of glucose into the 
intestinal wall from the outer fluid must be very small. Inspection of Table 1 
shows the discrepancy between the galactose disappearing from the inner 
fluid and that appearing in the outer fluid is about 0-6 mg/cm/hr; of this, as 
may be seen in Table 3, more than half can be recovered from the intestinal 
wall. We may say, then, that galactose ‘utilization’ (see Fisher & Parsons 
1953) by the galactose-absorbing surviving intestine is much less than the 
glucose utilization during glucose absorption. Also the surviving intestine will 
still exhibit ‘active’ absorption when its glucose supply is cut to very low levels. 

It is clear that statements such as ‘the comparative rate of absorption of 
glucose and galactose are as 100 to 110’ do not, by themselves, have very much 
meaning. Since both the sugars appear to be absorbed by processes which have 
Michaelis kinetics, comparisons of the two absorptions should be made on the 
basis of either the Michaelis constants (K,,) or the limiting velocities (a), and 
the site of absorption should be specified. While it is quite likely that the 
apparent limiting velocity of absorption of galactose is greater than that of 
glucose at all points along the intestine of the living animal, it appears that 
the K,, for glucose is lower than that for galactose. However, more detailed 
investigation of these points requires another type of intestinal preparation. 


SUMMARY 


1. In the surviving intestine of the rat, galactose is absorbed from the 
lumen and moved across the intestinal wall against a concentration gradient. 
At 0-5 % initial concentration the average absorption rate is only half that 
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observed for glucose in éimilar conditions. The middle third of the surviving 
small intestine appears to absorb galactose most rapidly. 

2. The absorption rate of galactose depends upon the concentration in the 
lumen, the relation being of the Michaelis-Menten type. The apparent half- 
saturation concentration of the process is about 35 mM. 

3. During absorption, galactose accumulates in the intestinal wall in high 
concentration. The accumulation of galactose is associated with a depression 
of its absorption. 

4. When glucose and galactose are present together at the same concentra- 
tion in the lumen, the absorption of galactose is depressed to a much greater 
extent than is that of glucose. 

5. When glucose is absorbed from the surviving intestine there is a marked 
accumulation of water in the intestinal wall; this does not occur during the 
absorption of galactose. 

6. These findings are shown to be consistent only to a limited extent with 
the hypothesis that galactose and glucose are absorbed by a common 
mechanism. 


We wish to thank Sylvia Smith and H. Smith for skilled assistance. 
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THE EFFECT OF COMPOUND 48/8 ON ACID GASTRIC 
SECRETION IN THE CAT 
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Histamine liberators elicit acid gastric secretion. This was shown for p-tubo- 
curarine in cats (Feldberg & Holmes, 1941) and for compound 48/80 in dogs 
(Paton & Schachter, 1951), this latter substance having been obtained by 
condensation of p-methoxyphenylethylmethylamine with formaldehyde by 
Baltzly, Buck, de Beer & Webb (1949). The acid secretion following ad- 
ministration of such compounds is justifiably assumed to be due to the 
action of released histamine on the oxyntic cells, but the site of origin of 
this histamine has not yet been determined. The source of the histamine might 
be from such distant tissues as skin and skeletal muscle, or from local release 
in the gastric mucosa from the oxyntic cells themselves. 

In the experiments of Feldberg & Holmes (1941) the p-tubocurarine was 
injected arterially distal to the origins of the coeliac and mesenteric arteries 
from the“abdominal aorta, so that the histamine probably originated mainly 
from the skin and skeletal muscle of the lower half of the body. In the 
experiments of Paton & Schachter, compound 48/80 was injected subcu- 
taneously and produced the known manifestations of histamine release from 
the skin. On the other hand, the gastric mucosa of the body of the stomach is 
rich in histamine, particularly concentrated in the oxyntic cells (Feldberg & 
Harris, 1952). Release of this histamine might be expected to be associated 
with pronounced acid gastric secretion. 

In order to elucidate the origin of the released histamine responsible for 
secretory activity, a comparison was made of the gastric secretion which 
occurs when compound 48/80 was injected intravenously, intraportally or 
intra-arterially into the coeliac vessel. In addition, a few experiments were 
performed to ascertain the appearance of histamine in the portal blood following 
the injection of compound 48/80 into the coeliac artery. 
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METHODS 


Cats, fasted for 18 hr, were anaesthetized with chloralose. A tracheotomy was performed, the 
oesophagus was ligated in the neck and the vagi were cut on both sides. Artificial respiration was 
begun at the slightest evidence of respiratory embarrassment. Blood pressure from the carotid 
artery was recorded throughout, dextran being used to resuscitate cate with severe hypotension 
in the course of these experiments. 

The abdomen was opened and a tube with multiple perforations at its tip was inserted into 
the body of the stomach in retrograde manner from the pylorus. 

Intravenous injections were made via a cannula inserted into the right femoral vein. When 
intra-arterial injections were given into the coeliac artery, the spleen was first removed, preserving 
the left gastro-epiploic vessel and the vasa brevia. The branches of the coeliac artery were then 
dissected and stripped of surrounding sympathetic nerve filaments and the hepatic artery can- 
nulated, an arterial clip being placed proximal to the site of cannulation. The intra-arterial 
injections were made from a syringe connected to the arterial cannula which was rigidly clamped to 
the table. On each injection the arterial clip was opened and blood was allowed to mix with the 
_ content of the syringe. The main stem of the coeliac artery was then occluded in such a way that 
the content of the syringe passed down the hepatic artery into the gastroduodenal artery and left 
gastric artery to the lesser curvature of the stomach and via the branches of the splenic vessel to 
the greater curvature. Preliminary injection experiments with India ink showed that the stomach 
was well perfused, except for the marginal areas of the pylorus and cardia. In all experiments as 
rich a blood supply to the pyloric region as possible was preserved. The anastomosis at the cardia 
between the portal and systemic circulations was ligated, pancreatic vessels were carefully tied 
and, in most cases, the animals were eviscerated for convenience below the ampulla of Vater, the 
common bile duct being tied at ite point of entry into the duodenum. For the intraportal in- 
jections, a cannula was inserted into the stump of the superior mesenteric vein. Surplus tissue, 
such as the greater omentum, was carefully removed, preserving the gastro-epiploic anastomosis. 
The layers of the abdominal wound were then lightly apposed around the cannula and the rubber 
tube from which gastric juice was aspirated. The temperature of the animal was taken 
the experiments by rectal and intraperitoneal thermometers and maintained at 37-38° C by 
the application of heat, if necessary. 

The stomach was filled with 10 ml. saline at 37°C. After 15 min the contents were aspirated 
and replaced with fresh saline. This procedure was repeated every quarter of an hour. The samples 
obtained were titrated with n/100-NaOH, using Tépfer’s reagent and phenolphthalein as indicators. 
Values for secretion were not determined until some time after the administration of chloralose, 
indeed until such time as the anaesthetic could have had little depressant activity on gastric 
secretion. After an appropriate interval of 1-2 hr had elapsed from the time of administration of 
the anaesthetic, therefore, and with the dissection now completed, the experiment was resumed, 
and such values as were determined for acid secretion in the first 30 min were taken as the basal 
values in excess of which the secretion elicited was estimated. 

In a few experiments compound 48/80 was injected through the superior mesenteric artery into 
the vascular bed of the small intestine. In these experiments the left kidney was removed and the 
left renal artery cannulated. The injections were then made into the aorta clamped off above and 
below the origin of the superior mesenteric artery, while the right renal artery was momentarily 
occluded. The histamine liberator was thoroughly washed into the superior mesenteric vessel by 
injection of saline before release of the occluding clamps. The intraportal injections, in these 
experiments, were given through a cannula inserted into a side branch of the portal vein. 

Plasma histamine. In a few experiments portal blood was removed for histamine assay of its 
plasma. A 5 ml. control sample was removed and heparinized. Compound 48/80 was then injected 
into the coeliac artery whilst the portal vein was clamped near the liver. Blood was allowed to 
flow out of the congested portal system via the cannula in the superior vein and collected in 5 ml. 
samples until the animal died. The plasma obtained after centrifugation was examined on the 
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guinea-pig’s ileum suspended in Tyrode's solution containing atropine (1:5 x 10"). If it caused 
contraction, the effect was compared with that of known amounts of histamine and shown to be 
abolished by small doses of mepyramine. 


RESULTS 

Compound 48/80, when injected intravenously, caused acid gastric secretion of 
high acidity, containing practically no mucus and almost devoid of peptic 
power, and thus resembled closely the juice evoked by the action of histamine 
on the parietal cells. The secretory effect could be obtained with 5ug/kg and 
increased with larger doses (Table 1). With doses of 20ug/kg and more, the 
secretory response showed measurable but irregular increase until, with doses 
in excess of 50 g/kg, the effect lessened and could not always be followed 
for a sufficient period because such injections caused a profound and lasting 
fall of blood pressure which proved fatal in several animals within half an 
hour or less. 


TaBxz 1. Effect of intravenous injections of compound 48/80 on acid gastric secretion 


Acid secretion Maximum 
“A ——, secretory rate 
Wi of peg 48/80 Total dose Duration ml. 1/100 
cat in kg per kg pg 48/80 ml. »/100-HCl (min) HCl/min 
3-3 5 16-5 75 30 0-44 
2-4 7 16-8 31 60 0-78 
2-8 7 19-6 21 30 1-1 
2-8 8 22-4 61 75 1-9 
3-3 10 33 106 90 2-0 
4-9 10 | 49 101 90 2-0 
4-0 15 60 120 120 2-1 
3-0 20 60 65* 30 2-6 
3-2 20 64 139 120 
4-0 20 80 120 120 2-2 
4-0 20 80 41* 30 2-7 
* Cat died after 30 min. 


When the same dose of compound 48/80 was injected twice intravenously, 
the secretion following the second injection was greatly reduced (Fig. 1). 
Such a diminished response on repeated injections of compound 48/80 and 
other histamine liberators has been previously described (McIntosh & Paton, 
1948; Paton & Schachter, 1951; Paton, 1951). In such experiments, moreover, 
no further injection of compound 48/80 was given until acid secretion had 
returned to basal values. 

The acid gastric secretion on intravenous injection of compound 48/80 is 
unlikely to be due to histamine release from the gastric mucosa, since injections 
into the coeliac artery were less effective than the intravenous ones. This is 
strikingly demonstrated in the four experiments recorded in Table 2, in which 
two intra-arterial injections were followed by an intravenous one. The table 
shows also the phenomenon observed after intravenous injection: if the same 
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dose is injected twice, in this case by the intra-arterial route, the secretory 
response to the second injection is greatly reduced. In the experiment 
illustrated in Fig. 1, intra-arterial and intravenous injections were given 
alternately. The results illustrate the greater efficacy of the intravenous route 
of administration as well as the diminution of secretion on repeated injection, 
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Fig. 1. Acid secretory response in 3 kg cat, following alternate intra-arterial (I.A.) and intra- 
venous (I.V.) injections of compound 48/80; intra-arterial injections into the coeliac artery 
(10 yg/kg). 


whether given intra-arterially or intravenously. When injections of compound 
48/80 were repeated three or four times, there was a progressive reduction in 
secretory effect with each injection, and the dose had sometimes to be increased 
two or threefold in order to obtain minimal secretion. 

While the secretory response rose to very high levels following increased 
amounts of histamine liberator given by the intravenous route, exceedingly 
great amounts were required to elicit secretion when compound 48/80 was 
injected intra-arterially into the coeliac artery. With increased dosage by the 
intra-arterial route, secretion could be accounted for in two distinct ways. 
A gradually increasing fraction of the injected histamine liberator passed from 
the portal into the general circulation, there to act on such distant sites as 
skin and skeletal muscle; there was, however, an additional contribution to 
the secretory response from a local action of compound 48/80 on the stomach 
wall, which could readily be demonstrated by restricting the circulation of the 
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histamine liberator to the vascular bed of the stomach. In several experiments, 
therefore, higher doses (100-200 ng/kg) were injected into the coeliac artery 
and, to prevent the passage of the histamine liberator into the systemic 
circulation, the portal venous system of the animal was obstructed at the 
porta hepatis at the moment of injection. The animal was then bled of 20 ml. 


TasiE 2, Comparison of acid gastric secretion provoked by repeated intra-arterial and intra- 
venous injections of compound 48/80; intra-arterial injections into the coeliac artery 


Acid secretion 
Weight of pg Total dose Route of Duration 
cat in kg per pe 48/80 injection ml. »/100-HCi (min) 
4-2 8 33-6 . LA 78 30 
L.A. 3 30 
LV. 31 60 
4-9 10 49 LA. 15 30 
LA. 3 30 
LV. 81 90 
3-5 15 52-5 LA. 22-5 30 
LA. 6-5 30 
LV. 98 90 
4-0 20 80 LA. 58 90 
LA. 18-5 30 
LV. 108 120 
TaB_z 3, Effect of injection of compound 48/80 into the coeliac artery, with 
su t venesection 
bsequent portal oad 
Weight of pg 48/80 Total dose Duration — 
i kg per kg pg 48/80 ml. »/100-HCl (min) 
' 30 100 300 35 
3-1 100 310 32 
2-5 200 500 53-5 75 
3-2 200 640 57 
4-5 200 900 107 75 


blood from the congested portal vein via a cannula tied into the superior 
mesenteric vein, while slow intravenous infusion of 20 ml. dextran was given. 
Normal portal blood flow was then re-established. The results of five such 
experiments are shown in Table 3. It is unlikely that compound 48/80 escaped 
in effective amounts into the general circulation, as may be deduced from the 
following control experiment. The portal vein was punctured after the vene- 
section and 5 ml. blood removed, heparinized, centrifuged and the plasma 
passed through an isolated, perfused skin preparation (Feldberg & Paton, 1951) 
from the thigh of the same animal. Histamine release from the preparation 
was negligible, indicating removal of most of the histamine liberator. 

In the above experiments the secretory response was not due to an action 
of the histamine liberator on distant organs. In the experiments of Table 4, 
however, in which 20 or 40 ug/kg were injected into the coeliac artery, some of 
the secretory response may be accounted for in such manner, since no pre- 
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cautions were taken to prevent escape of histamine liberator into the general 
circulation. But even in these experiments part of the secretory response 
must be attributed to a local effect of compound 48/80 on the gastric mucosa, 
for the following reason: if the effects were due in the main to release from 


TaBLE 4. Successive intraportal and intra-arterial (coeliac) injections of compound 


48/80 compared 
Weight of yg 48/80 Intra- 
catinkg perkg portal 
3-4 20 20 
42 20 
3-4 40 sea 
4-0 40 
20r 
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Fig. 2. Acid secretory response in 4 kg cat, following alternate intraportal (I.P.) and intra- 


distant organs, intraportal injections should be more effective than intra- 
arterial, an argument valid only on the assumption that the liver, with its low 
histamine content, does not participate in the histamine release to any great 
extent. However, the opposite result was obtained, as seen in Table 4. In the 
first two experiments the initial injection was intra-arterial, in the second two 
intraportal, but in all four experiments of Table 4 the intra-arterial injections 
were more effective than the intraportal ones. The secretory effect after the 
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intraportal injections can be assumed to result mostly from histamine release 
in skin and skeletal muscle, after circulation of histamine liberator through 
the liver, and might be compared with a greatly reduced and delayed intra- 
venous effect; but the greater secretory effect of the intra-arterial injections 
must be due to an additional action of compound 48/80 on the mucosa. Fig. 2 
illustrates the last experiment of Table 4 in greater detail; the intra-arterial 
injection of compound 48/80 is productive of greater acid gastric secretion 
than the intraportal injections. The second intra-arterial injection of histamine 
liberator, however, provokes little acid gastric secretion, and it seems as 
though a small fraction only of the available histamine in the stomach wall is 
released under the conditions of this experiment. , ae 


TaBe 5. Histamine activity of portal blood after injection of compound 48/80 into 


the coeliac artery 
Initial Maximum Total 
Weight of 48/00 ‘Total dose —hlotamine output 
cat in kg per kg pe 48/80 (ug /ml.) (ug/ml. (ug) 
2-6 20 52 ~ 0-01 0-01 
3 20 68 a 0-02 0-18 
3-2 25 80 <0-01 0-07 0-75 
3-6 30 108 <0-01 0-16 1-02 
3-3 40 132 <0-01 0-12 1-27 


The following results obtained by examination of portal blood suggest that 
compound 48/80 acts by releasing histamine in small amount from the mucosa 
and not by a direct action on the parietal cells. The plasma histamine in the 
venous blood from the stomach rose irregularly and in small amount after an 
injection of compound 48/80 into the coeliac artery. In Table 5 is given the 
maximal histamiine content per ml. plasma in the four or five 5 ml. samples of 
portal blood removed after each injection. The total histamine output from 
the stomach wall could be assessed by determining the histamine equivalent 
of each plasma sample. By reading the volumes of each plasma sample in 
the graduated centrifuge tubes, the total plasma histamine of each sample 
could be determined. The total histamine output after injection of hista- 
mine liberator was obtained by summation of the amounts by which the 
total plasma histamine of each sample exceeded the values for the control 
sample. These results suggest that while the main bulk of the histamine in the 
stomach is probably not released, compound 48/80 certainly gives rise to an 
output of histamine in the venous effluent from the stomach. This histamine 
probably exerts its action locally, when released in the neighbourhood of the 
parietal cells, as well as after circulation from the portal into the systemic 
circulation. This is suggested by the fact that compound 48/80 on injection 
into the coeliac artery is more effective, but on injection into the superior 
mesenteric artery less effective, than intraportal injection. The mucosa of the 
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small intestine is as rich in histamine as the gastric mucosa, and if compound 
48/80 were to liberate from both mucosae equally well, or if the acid gastric 
secretion were due to passage of the histamine liberator from portal to systemic 
circulation, then both intra-arterial injections should be uniformly either more 
or less effective than intraportal injections. The results of Table 6 show that 


TaBLe 6. Successive intraportal and intra-arterial (superior mesenteric) injections of 


compound 48/80 
Total acid secreted 
(ml. »/100-HCl) 
Weight of g48/80 Totaldose Intra Intra. Intra. Intra- Intra- 
catinkg per pe 48/80 _—s portal arterial portal arterial portal 
31 20 62 — 21-5 52 14-8 15 
4-0 20 80 _ 36-0 67-5 15-5 27 
3-0 40 120 56 20-5 21 75 — 
3-8 40 152 86 30 22 15 — 


compound 48/80 was less effective when given by the superior mesenteric 
route than by the intraportal route; the enhanced secretion after intracoeliac 
injections may then be attributed to the local action of released histamine, in 
addition to the small amounts of histamine released into the portal and passing 
into the general circulation. 

The above deductions are, however, only valid to a certain extent, because 
the effectiveness of a given dose of compound 48/80 in releasing mucosal 
histamine would be dependent on the size of the capillary bed in which it acts 
after injection. The superior mesenteric arterial territory constitutes a greater 
bulk in which the histamine liberator is distributed, with consequent diminu- 
tion of concentration of histamine liberator reaching the intestinal tissues, 
so that the differences observed could be partly accounted for on these lines as 
well. Finally, it should be mentioned that it is not possible to compare quanti- 
tatively the results given in Table 4 with those of Table 6, because the former 
results were obtained in partly eviscerate animals. 


DISCUSSION 

While it had been shown previously that histamine liberators cause acid 
secretion, it had not been determined whether this secretion was elicited by 
histamine released locally or from distant sites. The gastric mucosa is rich in 
histamine, particularly in the region of the parietal cells, and it could be 
surmised that the release of this histamine is the necessary factor in the acid 
secretory response to compound 48/80. On the other hand, it is known that the 
histamine in skin and skeletal muscle is readily released by histamine liberators 
and this histamine, on entering the general circulation, might also provide an 
effective stimulus for the parietal cells. 


Our results have shown that the strong secretory response of the parietal 
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cells in the cat’s stomach, on intravenous injection of compound 48/80, is due 
not to an effect of the histamine liberator on the gastric mucosa itself but on 
distant tisues, such as skin and skeletal muscle. The histamine released from 
these sites acts in turn as a stimulus to the parietal cells. This conclusion is 
based on comparison of the secretory response on intravenous injections and on 
injections into the coeliac artery, the intravenous injection being far more 
effective. 

Nevertheless, compound 48/80 is able to act locally on the gastric mucosa, 
thereby producing additional acid secretion. Otherwise it would be difficult to 
explain the greater efficacy of the intracoeliac over the intraportal injections. 
It is, however, unlikely that compound 48/80, when injected intravenously in 
usual dosage, reaches the gastric mucosa in a concentration sufficient to produce 
this local effect. 

Since histamine in small amount could occasionally be detected in the 
portal blood after intracoeliac injection of compound 48/80, the acid gastric 
secretion resulting from such an injection is probably the result of local release 
of histamine in the gastric mucosa. In the main, however, the mucosal 
histamine appears to be resistant to the action of the histamine liberator, since 
the secretory activity signifies an amount released constituting only a very 
small fraction of the available histamine. 

The conclusion that the histamine of the gastro-intestinal wall is less 
susceptible to compound 48/80 than the histamine of skin and skeletal muscle 
is supported by the findings of Mongar & Schild (1952) on incubation of 
isolated guinea-pig tissue with compound 48/80. A greater fraction of the total 
histamine was released from skin and skeletal muscle than from stomach and 
intestinal tissue. Furthermore, Feldberg, Paton & Schachter (personal com- 
munication) observed that compound 48/80 released histamine irregularly and 
in small amount from the stomach and intestine of cats and dogs on intra- 
arterial injection into these organs in situ, or in isolated perfused preparations. 

The reason why the histamine in the gastro-intestinal wall is less susceptible 
to release than that of skin and skeletal muscle is as yet unknown, nor has it 
as yet been determined from which layer and from which structures in the 
wall originates the small amount of histamine which is released by compound 
48/80 and detected in the portal blood. The fact that intracoeliac injections 
cause acid gastric secretion suggests that some of the released histamine is 
derived from the mucosa. 

The higher resistance to release by compound 48/80 of the main bulk of the 
mucosal histamine, compared with that of skin and skeletal muscle, may be 
related to differences in the functions of histamine in these different tissues. 
Release of histamine in the skin probably constitutes a physiolog:--' 
reaction against injury, as suggested so convincingly for the human subject by 
Lewis (1927). While it could conceivably exert a similar function in the 
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gastro-intestinal tract, it might also be related to local hormonal control of 
secretion and absorption, as has been suggested by different authors (Sacks, 
Ivy, Burgess & Vandolah, 1932; McIntosh, 1938; Emmelin & Kahlson, 1944; 
Douglas, Feldberg, Paton & Schachter, 1951). There is another possibility, 
however, namely that the glands of the alimentary tract serve to eliminate 
the histamine from the circulation by excretion, since it is a noteworthy fact 
that histamine is a constituent of gastric, pancreatic and intestinal juice. 
Babkin (1944) believed that histamine was the final common local agent 
necessary for gastric secretion, regardless of the stimulus used to excite such 
secretory activity. He further believed that histamine was released in 
proximity to and passed through the parietal cell under all normal secretory 
circumstances. Our results are in agreement with such a view, since a small 
amount of histamine only could be detected in the portal blood by bio- 
logical assay, in the presence, nevertheless, of strong secretory activity. The 
possibility exists, therefore, that the histamine is eliminated by the parietal 
cell, a mechanism which would serve a useful function in helping to protect 
the organism against the systemic effects of this agent. Emmelin (1951) 
has recently shown that histamine disappears more quickly from the 
blood on its passage through the intestine than through the lower limbs, an 
effect which he attributed to enzymic destruction of the histamine in the 
mucosa. It might be that some of the histamine was taken up by the mucosa 
for the purpose of later elimination in addition to destruction by histaminase. 
Such an activity as this would partly explain the great individual variations 
in histamine content of normal gastric mucosae. 


SUMMARY 

1. Compound 48/80, when injected intravenously in doses of 5yg/kg or 
more into cats, causes acid gastric secretion. Repeated injections lessen the 
secretory response. 

2. The secretory response to compound 48/80 when injected intravenously 
is not due to an action of the histamine liberator on the gastric mucosa, 
because injections into the coeliac artery are less effective than intravenous 
ones. It is probably accounted for entirely or almost entirely by release of 
histamine from distant organs such as skin and skeletal muscle. 

3. The small secretory response to compound 48/80 on injection into the 
coeliac artery, however, is apparently due to a local effect on the mucosa, since 
secretion elicited in this way is greater than that obtained with the same dose 
injected intraportally. 

4. Compound 48/80 injected into the coeliac artery probably acts by release 
of a small fraction of the mucosal histamine, since it may lead to temporarily 
increased plasma histamine levels in the venous effluent. The increase is of 
small amount and not regularly obtained. 
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5. It is suggested that the main bulk of the histamine in the stomach wall is 
resistant to release by compound 48/80, and the association of this histamine 
not only with vascular reactions, secretion and absorption, but also with 
elimination of histamine, is discussed. 


This work was done during the tenure of a Medical Research Council Fellowship in Clinical 
Research ; I should like to express my gratitude to Sir Charles Harington for kindly providing 
accommodation at the National Institute for Medical Research, and to Dr W. Feldberg, to 
whom I am indebted for much encouragement and advice. 
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ACID IN SYNOVIAL FLUID; VISCOUS, ELASTIC AND 
LUBRICANT PROPERTIES 
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Recent examples of reviews of the composition and properties of synovial 
fluid are: Davies (1946), Meyer (1947), Ropes, Robertson, Rossmeisl, Peabody 
& Bauer (1947). Except for the fact that it contains hyaluronic acid, synovial 
fluid seems to be a typical plasma exudate; compared with plasma, its protein 
content is low, the albumin/globulin ratio is high, and fibrinogen is low or 
absent; its electrolyte content is consistent with the Gibbs-Donnan equi- 
librium, While it may well be that synovial fluid plays a nutritive role, there 
is no good evidence that any part of this is due to hyaluronic acid. Other 
suggestions as to the function of hyaluronic acid are, that it contributes 
to the osmotic pressure of the fluid (Ropes, Bennett & Bauer, 1939), that 
it contributes to the lubricant properties of synovial fluid (Jones, 1936; 
MacConaill, 1932), and that it gives the fluid an elasticity (Ogston, Stanier, 
Toms & Strawbridge, 1950). 

Ogston & Stanier (1951, 1952) have concluded that hyaluronic acid exists 
in synovial fluid in the form of a complex with protein, and that this complex 
is a very highly hydrated flexible chain-polymer, of particle weight about 
10 million. The high intrinsic viscosity of its solutions is due to the large degree 
of hydration, and the non-Newtonian variation of viscosity with velocity 
gradient to the intertanglement of the particles. 

In this paper further measurements of the elastic and viscous properties 
of synovial fluid are described. It is concluded, from these and previous 
observations, that hyaluronic acid makes an important contribution to the 
lubricant properties of the fluid. 


METHODS AND RESULTS 
Material. Ox synovial fluid was collected and stored as described by Ogston & Stanier (1950). 
It was dialysed against a buffer containing 0-2 m-NaCl, 0-0077 m-Na,HPO,, 0-0023m-KH,PO, 
(pH 7-3). Dilutions were made with this buffer by weight. Fluid was concentrated, when required, 
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by filtration on » glsss filter. The concentration of hyaluronic acid was measured by weighing 
mucin clots, as described by Ogston & Stanier (1952). 


Measurement of elastoviscosity 


Theory. When a normal fluid is sheared, no detectable strain occurs in it, because its particles 
move under the stress applied at a rate which is high in relation to the rate of shearing; but if the 
deformation of particles or the disturbance of inter-particle interactions has a relatively long time 
constant of decay, the strain is related to stress and.to time and the system shows elasticity : that 
is, if the applied stress is removed, the fluid returns towards its original state. This effect can be 
seen if synovial fluid is gently swirled in a flask; when the rotation of the flask ceases, a brief 
backward rotation of the fluid occurs. 

There are several ways of measuring this property (Ferry, 1948; Oldroyd, Strawbridge & Toms, 
1951). Of the means available, the concentric-cylinder apparatus was chosen. An oscillatory 
rotation of small amplitude is applied to an outer cylinder and the amplitude of oscillation of 
a bob suspended concentrically within it is measured. Oldroyd (1951) has given a complete 
treatment of the theory of this method: unfortunately, the application of his equations involves 
prohibitively laborious computations. Wazer & Goldberg (1947) have given a simpler treatment, 
based on spring-and-dashpot models: the value of their treatment is lessened because it assumes 
a linear, not a rotational, movement and because only two limiting cases are considered, namely 
those where the elastic element is in parallel and in series with the viscous element. Our measure- 
ments can therefore be interpreted only semiquantitatively. However, the following general 
predictions can be made: (1) With a purely viscous fluid, the amplitude of movement of the bob 
is greatest when the exciting frequency is equal to the natural frequency of the bob. Because the 
movement is rotational, this maximum amplitude dépends on the viscosity, being greater at 
higher viscosity, but it cannot be greater than the amplitude of movement of the cylinder. 
(2) With a viscous-elastic fluid, the maximum amplitude is greater than with a non-elastic fluid 
of the same viscosity and may be greater than that of the cylinder. The frequency at which this 
maximum occurs is greater than with a non-elastic fluid, since the elastic restoring couple is 
added to that of the suspension. 

Apparatus. The design was based on that of Goldberg & Sandvik (1947) and was constructed 
by P. C. A. Electro-Mechanical Workshops Ltd., who also assisted with the design. The cylinder 
was of stainless steel, 5-5 cm long, internal diameter 1-116 cm. It was driven through a cam by 
a Velodyne Type 73 motor-generator (Uttley & Williams, 1946). The bob was of Perspex, length 
4-5 om, diameter 1-004 cm, moment of inertia 0-515 gom*, suspended coaxially either by a drawn 
Polythene fibre, of very low torsional constant, or by a bifilar suspension. Its oscillation was 
measured by means of the image of a slit source, reflected from a mirror on the bob, on to a scale 
130 cm distant. The amplitude of the cylinder was about 0-01 radian, corresponding to a deflexion 
of 5-0 om at the scale, which could be read to 0-1 cm. 

A volume of 2 ml. was required to cover the bob, Care was taken to exclude air bubbles. The 
amplitude of movement of the bob was read at a series of frequencies, and plotted as the ratio of 
this amplitude to that of the cylinder (‘amplitude ratio’) against frequency (Fig. 1). All measure- 
ments were made in duplicate and showed close agreement. 


Results. Preliminary experiments with the torsionless suspension and with 
two bifilar suspensions of different torsional constants showed that the 
maximum amplitudes obtained with all three were nearly the same. Since 
measurement with the torsionless suspension was difficult, because of wan- 
dering of the mean position of the bob, and since the changes of the frequency 
of maximum amplitude with the stiffer bifilar suspension were inconveniently 
small, all subsequent measurements were made with the less stiff bifilar 
suspension, which gave a natural frequency of about 3 c/s. The effects of 
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Fig. 1. Typical elastoviscometer curves of amplitude ratio, m, against frequency for synovial 
fluids at different concentrations. The concentration in mg mucin/ml. is shown against each 
curve. 


Frequency (c/s) 
Fig. 2. Elastoviscometer curves obtained with solutions of glycerol. 
The concentration % (v/v) is shown against each curve. 

temperature were measured between 7 and 37°C; increasing temperature 

caused a fall of the elastoviscosity, but as this effect was small, subsequent 
measurements were made at 25° C. 

Some typical results are shown in Fig. 1. Fig. 3 summarizes all the results $ 

obtained at 25° C; the amplitude ratio m and the increase of the frequency of 
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maximum amplitude (f,,) over that obtained with buffer (f,), expressed as 
(fn—F%), are plotted against the concentration. At higher concentrations, the 
values of both quantities show that the fluids are elastic. At a lower concen- 
tration of synovial fluid, where m is less than 1, the presence of elasticity can 
be shown by comparing the value of m.with that obtained with a solution of 
glycerol of the same viscosity (Figs. 2 and 3). The actual viscosity of synovial 


mg mucin/ml. 
Fig. 3. Summary of elastoviscometer results for synovial fluids at different concentrations. 
Curve A (left-hand ordinate): amplitude ratio; curve B (right-hand ordinate): change of 
frequency of maximum amplitude; curve C: amplitude ratio for solutions of glycerol (the 
scale is chosen so that the viscosities of the glycerol solutions are the same as those of synovial 
fluids at the same values of the abscissa). 
fluid, subjected to a varying velocity gradient, cannot be accurately assessed ; 
but since the angular-mean velocity gradient is very low (about 1 sec~*), 
the viscosity at zero velocity gradient was used for the comparison. Any error 
in this assumption diminishes the apparent degree of elasticity. The consider- 
able change of density of glycerol solutions with concentration causes the 
decrease of f,,, but, as has been shown, this has little effect on the value of m, 
so that the values of m can be compared. 
Approximate estimates of the shear-modulus obtained by using Wazer & 
Goldberg’s (1947) expressions are given in Table 1. 
Tasix 1. Values for the shear-modulus of synovial fluids, calculated 
from the expressions of Wazer & Goldberg (1947) 


Shear-modulus (dyne/cm*) 
Concentration Assuming Assuming 
(mg mucin/ml.) series 
2-84 


2-22 41 1-9 \ 


18 A 
16 
14 
12 ; 
10 C 50 
08 
B <x 
30 “= 
3 
04 
02 10 
0 
1 2 3 4 5 
a 


248 A. G. OGSTON AND J. E. STANIER 


Measurement of the flow-resistance of thin films 
Method. The spherical surface of a plano-convex glass lens, of 4 m focal length, was placed on 
the surface of an optical flat (Fig. 4). Load was applied to the centre of the upper (plane) surface 
of the lens, through a needle-point mounted on a counterpoised lever. A cylindrical weight could 


Fig. 4. Diagram of arrangement for observing Newton's rings, formed between the upper surface 
of the optical flat A and the lower surface of the lens B. Load is applied through the needle 
C. Fluid is held in a Conway diffusion unit D. 


be rolled along the lever, so as to vary the load from 8 g (the weight of the lens) up to 500 g. The 
interference fringes (Newton’s rings) formed between the surfaces of the lens and the flat were 
measured with a microscope, using vertical parallel illumination with monochromatic light 
diluted with buffer to about the same protein content as that of synovial fluid, 80 % glycerol 
(v/v), and synovial fluid at several concentrations of hyaluronic acid. 

Results. The absolute separation of the surfaces cannot be deduced from 
these measurements except where there is a point of contact. This is indicated 
by the presence of a central dark area which does not develop into a ring on 
further compression. With air, buffer and diluted serum, contact was reached 
at small loads, provided that the surfaces were clean; the diameters of the 
rings at any given load corresponded exactly with all these fluids, when allow- 
ance was made for the differences of refractive index; the changes of ring 
diameter, due to compression of the glass in the region of contact, occurred 
promptly and reversibly on change of load. With glycerol solution (relative 
viscosity = 50), increasing the load caused a very slow approximation of the 
surfaces, which showed no reversal on subsequently decreasing the load. 

Synovial fluid showed characteristic behaviour in the following respects: 
(1) When the load was increased, the ring diameters changed more than was 
observed with buffer and the changes were slow at small loads. At any load 
a state was finally reached which did not change further. (2) These changes 
were not fully reversed on reducing the load, but the shrinkage of the rings 
was greater than with buffer and therefore cannot have been due wholly to 
decompression of the glass (Fig. 5). (3) At the highest loads, the variation of 
the ring diameters with load became parallel to that observed with buffer, 
but the diameters were always smaller (Fig. 5). These differences were not 
accounted for by differences of refractive index. 

It appears from these observations that synovial fluid has a special capacity 
for forming a layer which as a considerable resistance to static compression 
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and which has some degree of elasticity. The separation between the glass 
surfaces, calculated from the diameters of corresponding rings found with 
synovial fluid and buffer, are given in Table 2. 


1 i 
200 300 400 500 
Load (g) 


Fig. 5. Diameters of the lst and 4th Newton’s rings obtained with buffer ( x ) and with synovial 
fluid (@), observed in a typical experiment. The arrows show the changes of diameter on 
reducing the load from 108 to 20 g. 
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Tastz 2. Separation of glass surfaces by synovial fluid at 500 g load, 
calculated from diameters of Newton’s rings 


Concentration Separation 
(mg mucin/ml.) Ring (my) 
2-76 l 28 
4 28 
3-68 1 36 
4 53 
4-9 1 49 
4 40 
Viscosity 


Viscosity was measured at velocity gradients between 0 and 50 sec! in 
the Couette viscometer described by Ogston & Stanier (1953) over a range of 
concentration. 

Fig. 6 illustrates the non-Newtonian character of the viscosity and its 
strong dependence on concentration. The degree of non-Newtonian variation 
of viscosity can be represented by plotting 9/759 (the ratio of relative vis- 
cosities at 0 and 50 sec") against 7, (Fig. 7). This method of assessing non- 
Newtonian variation of viscosity has the advantage that no measurement of 
concentration is needed. 
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Velocity gradient (sec~*) 


Fig. 6. Typical curves of relative viscosity (7,.) against velocity gradient for synovial fluid 
at different concentrations; inset: larger ordinate scale. Concentration (mg mucin/ml.) is 
shown against each curve. 
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Fig. 7. Plot of 9/5, against », for synovial fluids of different concentration; inset: detail of the 
lower end of the curve. Concentrations of mucin are shown below the abscissa scale. 
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DISCUSSION 

These results suggest that a major function of hyaluronic acid in synovial 
fluid may be its contribution to the lubricant properties of the fluid. Jones 
(1936) showed that synovial fluid is an efficient lubricant in a finger joint. 
MacConaill (1932) suggested that the structure of joints is such as to allow 
them to act as ‘slipper bearings’ under conditions of movement. The drag of 
such a bearing and the load which it will support both depend on the product 
of the viscosity of the fluid and the rate of movement (Dodge & Thompson, 
1937). A solution of hyaluronic acid is peculiarly suitable for lubricating 
a bearing of this type, required to carry load at varying rate of movement. 
The viscosity is very high at the lowest rates of shear, so that the joint is 
enabled to support a high load even at a low rate of movement. At higher 
rates of movement, the viscosity falls so that the drag of the joint is relatively 
lessened: the load which it will bear is not reduced, because the greater rate 
of movement more than offsets the fall of viscosity. A normal (Newtonian) 
fluid would not give these advantages. Furthermore, hyaluronic acid pro- 
- duces high viscosity at a low concentration, without any large osmotic effect 
such as would be produced, for example, by protein at a concentration needed 
to give a similar viscosity. These properties of hyaluronic acid result from its 
high molecular weight and its random-chain structure (Ogston & Stanier, 
1951). 

Ropes et al. (1947) measured the effect of synovial fluid on the static friction 
between lucite surfaces. Although they found that the coefficients of friction 
were not particularly low, they did suggest that the lubricating film has some 
resistance to breakdown under pressures up to 2-5 kg/cm*. Our experiments 
strongly support this possibility. The pressures reached in our apparatus 
cannot be calculated exactly, but it is likely that the load (up to 0-5 kg) must 
have been distributed over an area of only a few mm?, giving pressures of the 
order of 10 to 100 kg/cm?. Under these conditions, a resistant film of thickness 
20-50 my appears to be formed. The presence of such a film between articular 
surfaces under static pressure would help to preserve them from damage. The 
film is probably due mainly to hyaluronic acid, and it may resemble the 
tenacious elastic layer formed when a solution of hyaluronic acid is concen- 
trated on a fine glass filter. The voluminous, randomly coiled particles may be 
thought of as being trapped and squeezed, like sponges, between the two 
surfaces. | 

The elastoviscous behaviour of synovial fluid is unlikely to be physio- 
logically important, since the forces which it could generate in joints must be 
very small. This property is merely incidental to the molecular structure of 
hyaluronic acid. 
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SUMMARY 

1. The behaviour of ox synovial fluid in a coaxial cylinder elastoviscometer, 
in a Couette viscometer, and under compression between glass surfaces is 
described. | 

2. It is concluded that hyaluronic acid plays an important part in deter- 
mining the lubricant properties of synovial fluid under both dynamic and 
static conditions. 

This work was supported by a Research Grant from the Medical Research Council, to whom 
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SOME EFFECTS OF HYALURONIDASE ON THE 

HYALURONIC ACID OF OX SYNOVIAL FLUID, 

AND THEIR BEARING ON THE INVESTIGATION 
OF PATHOLOGICAL FLUIDS 


BY A. G. OGSTON anp J. E. STANIER 
From the Department of Biochemistry, University of Oxford 
(Received 14 July 1952) 


Normal synovial fluid contains a substance, or group of substances, known 
as “hyaluronic acid’, which can be isolated and characterized in several ways 
(Meyer, Smyth & Dawson, 1939; Ropes, Robertson, Rossmeisl, Peabody & 
Bauer, 1947; Ogston & Stanier, 1952). Hyaluronic acid gives synovial fluid 
its characteristic viscosity, and Ogston & Stanier (19535) have suggested that 
this property is of special functional importance. Ropes et al. (1947) have 
shown that the viscosity of pathological fluids is often markedly lower than 
normal and have ascribed this to changes of the character of the hyaluronic 
acid, accompanied in some cases‘ by a lowered concentration. Such changes 
of character are usually referred to as ‘breakdown’ or ‘degradation’, though 
the processes which cause them are unknown. 

The simplest way of isolating and estimating hyaluronic acid is by means of 
the precipitate of mucin, a complex with protein which is formed on acidifica- 
tion. Ropes et al. attempted to distinguish between the effects of change of 
concentration and of degradation on the viscosity of pathological fluids by 
referring the measured viscosity to the amount of mucin/ml. They also 
measured the nitrogen/glucosamine ratio in mucin and used this as a measure 
of degradation. Another guide to the state of the hyaluronic acid is given by 
the character of the mucin precipitate, which is normally a compact clot but in 
abnormal fluids is flocculent. The occurrence of this change in its character 
makes it uncertain whether, in abnormal fluids, the amount of mucin is a 
reliable measure of the concentration of hyaluronic acid. Moreover, Ogston 
& Stanier (1952) showed that the composition of mucin, particularly its 
N content, depends upon how it is made. 

The hyaluronic acid of abnormal fluids can be finally characterized only by 
its isolation and the measurement of its properties. Meanwhile, we have 
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attempted to improve the criteria by which degradation may be judged. For 
this purpose, we have investigated the effects of hyaluronidase, as a model 
for such degradation as may have taken place in diseased joints. We have 
found that the recovery of hyaluronic acid glucosamine in mucin is not changed 
by the action of hyaluronidase, in spite of its effect on the character of the 
mucin precipitate. We have also suggested a method of judging degradation, 
based on measurements of viscosity alone. 


METHODS 


Material. Ox synovial fluid was collected and handled as described by Ogston & Stanier (1950). 
All physical measurements were made after dialysis against buffer containing 0-2 m-NaCi, 
0-0077 m-Na,HPO,, 0-0023 m-KH,PO, (pH 7:3). Dilutions of fluid were made with buffer. 
Concentrated fluids were made by ultrafiltration on a fine glass filter. The hyaluronidase was 
Hyalase (Benger), used at a final concentration of 1 mg/3750 ml. 

Estimation of mucin. In this case, undialysed synovial fluid was used. Duplicate 2 ml. samples 
were taken before, and at various times after, the addition of hyaluronidase. Each was placed 


in a weighed 5 ml. centrifuge tube. Acetic acid (0-2 ml. of 10 % w/v) was added, to precipitate _ 


the mucin. If the mucin formed a compact clot, it was collected on a glass rod and washed on 
the rod (Ogston & Stanier, 1952); if not, it was centrifuged and washed by re-suspending and 
centrifuging. Finally, the washed mucin was dried for 24 hr at 105° C and weighed in the centri- 
fuge tube. Total glucosamine, and glucosamine in the acidified supernatant, was estimated by the 
method of Johnston, Ogston & Stanier (1951). 

Estimation of protein. After removal of the mucin, the protein remaining in 1-5 ml. of the 
acidified supernatant was precipitated by addition of 0-04 ml. of 10 % (w/v) sodium hexameta- 
phosphate, washed, dried and weighed. 

Viscosity was measured in an Ostwald viscometer, capacity 2 ml., water-time 12 sec, or in a 
Couette viscometer (Ogston & Stanier, 1953a) over a range of velocity gradient. Measurements 
were made at 25° C before, and at intervals after, the addition of hyaluronidase dissolved in a 
small volume of buffer. The viscosities at zero velocity gradient were obtained by extrapolation 
(Ogston & Stanier, 1951). 

Elastoviscosity 


ity. The time-course of the effect of hyaluronidase was followed using the elasto- 
viscometer described by Ogston & Stanier (1953). 


RESULTS 


Precipitation of mucin and protein, The results are given in Table 1. In 
spite of the profound effect of hyaluronidase on the viscosity of the fluid and 


TaBLe 1. Effect of hyaluronidase on the properties of synovial fluid. 


Total glucosamine = 294 pg/ml. 
addition Relative abe 
Mucin wt. non-mucin 
hyaluronidase glucosamine protein 
(br) (Ostwald) Type of mucin precipitate (ugiml.)  (mg/ml.) (mg/ml) 
0 4-10 Compact clot in clear solution 147 1 6-3 
3-75 Compact clot in clear solution 135 = 5-95 
3 ae ge clot in slightly cloudy solution 136 — 61 
3-08 more 144 _~ 6-1 
2 2-54 Fragmentary clot in very cloudy solution 142 _ 6-0 
4 2-12 No clot; lumpy, granular precipitate 142 _ 5-05 
1.88 Very fine cloudy precipita 135 59 
Very fine cloudy precipitate 101 
89 -69 ery fine cloudy precipitate 142 om 5-95 
160 fine cloudy precipitate 141 2-20 5-1 
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on the character of the mucin clot, there is no significant change in the amount 
of glucosamine precipitated in mucin. The dry weights of the mucin show some 
tendency to increase, and this increase corresponds approximately with the 
reduction of the residual protein, precipitated by hexametaphosphate. 


_ 
Sune 


Time after addition of hyaluronidase (hr) 

Fig. 1. Effect of hyaluronidase on the relative viscosity of synovial fluid containing 2:22 mg 

mucin/ml., measured in the Couette viscometer (n,, 7.) and in the Ostwald viscometer. 


Viscosity. Typical results are shown in Fig. 1. The relation between the 
degree of variation of the viscosity with velocity gradient, and the viscosity 
at zero velocity gradient (n,), is expressed in Fig. 2. The ratio 9/759 (N59 being 
the viscosity at velocity gradient 50 sec") is plotted against 7,; the dotted 
lines represent the behaviour of normal fluids, already reported by Ogston & 
Stanier (19536), and each full line shows the progressive change induced by 
hyaluronidase in a sample of normal fluid. These results show that, in relation 
to m9, the ratio n/n of a given fluid is reduced more sharply by the action of 
hyaluronidase than by dilution. At each concentration of fluid, hyaluronidase 
action causes an approximately linear falling-off of y9/n59 with no. 

Elastoviscosity. Few measurements were made because this technique is 
unlikely to be generally available. The results (Fig. 3) are similar to those 
obtained from measurement of viscosity. 


DISCUSSION 


These results show that two methods may be used for estimating the degree of 
degradation produced by hyaluronidase in normal synovial fluid. 

(1) Under the conditions used, the amount of glucosamine precipitated as 
mucin is not affected, even when the viscosity has been strongly reduced and 
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when the character of the mucin precipitate has been profoundly changed. 
Therefore, the viscosity may be compared with that of a normal sample 


100200 
Mucin (mg/mi.)345 38 43 455 47 
Fig. 2. Variation of 74/45. with n, at low (A) and high (B) concentrations of mucin; concentra- 
tion of mucin is shown below the abscissa scale. Dotted line: normal fluids (Ogston & 
Stanier, 19535). Each full line represents the progressive change in a normal fluid induced by 
hyaluronidase ; starting on the normal (dotted) line, the values move towards the origin as the 
action of hyaluronidase continues. 


having the same content of mucin glucosamine. In view of the variation of 


the protein content of mucin, neither the weight of mucin nor its nitrogen 
content should be used in place of its glucosamine content. 


(2) Treatment with hyaluronidase reduces the variation of viscosity with | 
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velocity gradient more sharply than it reduces the viscosity at a specified 
velocity gradient; the points 7/n 9, n) for normal fluids fall on a single smooth 
curve, while those obtained during the course of action of hyaluronidase on 
a given normal fluid lie on a straight line which is steeper than the normal 
curve (Fig. 2). This fact allows the degree of degradation in a sample to be 


nO 
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Fig. 3. Variation of the amplitude ratio (m), measured in the elastoviscometer, with », for normal 
fluids (dotted line) and for fluid containing 2-22 mg mucin/ml. treated with hyaluronidase 
(full line). 


estimated without the need for any direct measurement of concentration. If 
the point 79/N59, Mo falls below the normal curve, the sample is degraded, and 
the degree of degradation can be estimated from the position of the point on 
the corresponding straight line of hyaluronidase action which would pass 
through the point. The composition of the normal fluid, from which the 
degraded sample was derived, can be obtained from the position of the 
intersection of this line with the normal curve. . 

These methods should be of use also in estimating the degree of degradation 
of hyaluronic acid in pathological synovial fluids. Since the nature of such 
degradation is unknown, the results would have only an empirical meaning; 
nevertheless, a quantitative measure of degree of degradation would have 
some value. The results might be expressed simply in terms of (1) the differ- 
ence of viscosity from that of a normal fluid of the same mucin glucosamine 
content, (2) the deviation of the 79/759, 79 point from the normal curve; 
alternatively, they might be expressed in terms of the equivalent degree of 
action of hyaluronidase on a corresponding normal fluid. 

The methods are independent and both might be used. The first has the 
advantage of requiring no special equipment. Viscosity may be — 
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with any type of viscometer, provided that the same instrument is used for 
measurements on normal and on abnormal fluids. Its disadvantages are 
(a) the uncertainty whether the degraded hyaluronic acid of pathological 
fluids will always give a full yield of mucin glucosamine; incomplete yield 
would cause the degree of degradation to be underestimated; (5) it does not 
reveal the very slight degrees of degradation produced by mild chemical 
treatment (Ogston & Stanier, 1950, 1952). The second method requires no 
estimation of concentration and it is sensitive to slight changes in the state of 
hyaluronic acid (Ogston & Stanier, 1952). Its disadvantage is that it needs 
the use of a viscometer in which the velocity gradient is low and can be varied. 


SUMMARY 


1. The action of hyaluronidase on ox synovial fluid has been shown not 
to affect the amount of glucosamine in the mucin precipitate, although it may 
affect the weight of mucin and its nitrogen content. 

2. A comparison has been made of the effects of the concentration of 
hyaluronic acid and of its degradation by hyaluronidase on the viscosity, the 
variation of viscosity with pees gradient and the elastoviscosity of ox 
synovial fluid. 

3. Two procedures are aes by which the degree of Gegradetion of 
hyaluronic acid in pathological fluids may be measured. 


We are grateful to the Medical Research Council for a grant towards the cost of the elasto- 
viscometer and for a Research Grant under which this work was carried out. 


REFERENCES 
Jounstonr, J. P., Oastox, A. G. & Srawtmr, J. E. (1951). A modification of the Elson and 
Morgan method for the estimation of glucosamine. Analyst, 76, 88-89 


Meyer, K., Smyru, E. M. & Dawson, M. H. (1939). Tho of from 
synovial fluid. J. biol. Chem. 128, 319-327. 

bates G. a E. (1950). On the state of hyaluronic acid in synovial fluid. Biochem. 
Ocston, A. G. & Sranrer, J. E. (1951). 
complex in synovial fluid. Biochem. J. 49, 585-590. 

Oaston, A. G. & Sranimr, J. E. (1952). Further observations on the tion and com- 
position of the hyaluronic acid complex of ox synovial fluid. yy tert . 52, 149-156. 
Oaston, A. G. & Sranter, J. E. (1953a). A Couette viscosimeter. Biochem. J. 53, 4. 
Oaston, A. G. & Stanter, J. E. (19535). The physiological fun of hyaluronic acid insynovial 
fluid: viscous, elastic and lubricant properties. J. Physiol. wrk way 

Ropgs, M. W., Ropertson, W. B., E W. (1947 
Synovial fluid mucin. Acta med. scand. Suppl. 196, 700- 744, Sg orn 


+? 
> 


J. Physiol. (1953) 119, 259-265 


‘SHAM FEEDING’ WITH THE PECTIN MEAL 


By I. MACDONALD W.R.SPURRELL 
From the Department of Physiology, Guy’s Hospital, London, S.E. 1 


(Received 16 July 1952) 


The pectin meal which has been used in the Serial Test Meal to determine the 
secretory and motor activity of the human stomach (Hunt & Spurrell, 1951) 
was designed to exert minimal stimulation of the cephalic phase of gastric 
secretion. It is a bland mixture of rather. neutral characteristics, for which 
subjects do not express any strong feelings of like or dislike. It has been shown 
that the pattern of gastric response to the meal is the same whether the meal be 
taken by the mouth or administered by stomach-tube (Hunt & Macdonald, 


. 1951). However, direct evidence as to its effect on cephalic secretion has 


had to await an occasion when a subject could be ‘sham fed’, the response of the 
stomach being recorded without the actual entry of the meal. This opportunity 
has now arisen, and the gastric secretory response to the pectin meal has been 
compared with the secretion in response to a meal of the subject’s choice and 
with the basal gastric secretion. 

Pavlov (1902) was the first to use ‘sham feeding’ as a means of investigating 
the cephalic phase of gastric secretion, though Richet (1878) had earlier shown 
that in man there was a gastric response to the sight, taste, smell or thought of 
food. Beaumont (1833) and later Wolf & Wolff (1943) showed that the cephalic 
phase of gastric digestion was associated with a juice rich in acid, and Carlson 
(1919), Ivy (1941) and Janowitz, Hollander, Orringer, Levy, Winkelstein, 
Kaufman & Margolin (1950) have published quantitative data about this 
secretion. 

THE SUBJECT 


The subject, M@# D., was a woman of 42 who, following her first pregnancy, 
had developed an achalasia of the cardia. This remained amenable to treatment 
with a mercury bougie until the latter part of a subsequent pregnancy when 
the difficulty in swallowing increased until dilatation with the bougie became 
impossible, In view of this complete oesophageal obstruction a Sars 
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any relaxation of the cardia could be detected. 


PROCEDURE 


A tube was passed through the gastrostomy and the gastric juice was withdrawn during the whole 
of the experimental period and divided into 15 min samples. The volume of each sample was 
measured and the H* concentration, Cl” concentration, and pepsin concentration (Hunt, 1948) 
were determined. After collecting the basal gastric secretion for 45 min, the meal was given and 
the gastric juice collected for a further period. On the first day the meal consisted of 200 ml. of 
pectin meal, on the second day the meal was that chosen by the subject and consisted of fried 
bacon, egg, tomato and bread with tea, toast and marmalade, and on the third day the basal 
secretion was collected for 2 hr. The subject was unaware of the meal she was to receive until it was 
produced at the end of the 45 min period of collecting the basal secretion. Taking a meal consisted 
in its introduction into the mouth, mastication and then ejection, the whole process lasting some 


20 min. 


RESULTS 


Table 1 shows the data of the basal gastric secretion, and Tables 2 and 3 show 
the data relating to the secretion of gastric juice produced by ‘sham feeding’ 
with the pectin meal and with the meal of the subject’s choice. 


1. Basal gastric secretion 


(ml) (m,equiv/l.) (m.equiv/l.) (unite/l.) (m.equiv) (m.equiv) 


28-5 63-3 89-8 47 1-80 2-56 1340 
13-0 107-6 141-1 36 1-40 1-83 468 
16-5 106-4 123-1 34 1-76 2-03 561 
23-5 121-9 143-6 38-5 2-86 3-37 905 
14-5 126-7 159-0 45-5 1-84 2-31 660 
26-0 129-3 166-7 33-5 3-36 4-33 871 
22-0 119-5 148-8 45 2-63 3-27 990 
24-0 113-0 138-5 37 2-71 3-32 888 


TaBLE 2. Gastric secretory response to ‘sham feeding’ a pectin test meal 


Velume Amount Amount Amount 
recovered [H*] (cr } ] H* cor 
(ml.) (m.equiv/l.) (m.equiv/l.) ( ) (m.equiv) (mequiv) (units) 
14-0 95-6 129-5 70 1-34 1-81 980 
18-0 123-1 150-1 34 2-22 2-70 612 
18-0 124-3 156-7 4] 2-24 2-82 738 
200 ml. pectin ‘sham fed’ 
23-0 127-4 157-7 48-5 203 3-63 1116 
23-0 127-9 156-5 25 2-94 3-60 575 
26-0 129-1 159-0 38 Ct 3-36 4-13 988 
21-0 129-1 159-0 45 2-71 3-34 
127-1 152-6 42 3-56 4-27 1176 
24-0 148 180-1 45 3-00 3-60 1080 


was performed and the patient was fed by this route till the baby was born 
a week later and for a further month by which time swallowing function was 
restored. These experiments were performed 16-20 days post-partum before 
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TaBLE 3. Gastric secretory response to ‘sham feeding’ a meal of the subject’s choice 


Volume Amount Amount Amount 
Time recovered ([H*] 


Ht cr pepsin 
(min) - (ml) *(m-equiv/l.) (m.equiv/l.) (m.equiv) (m.equiv) (units) 


0-15 22:5 126-7 152-6 38 2-85 3-43 855 
15-30 27-5 130-3 151-6 40 3-58 4-17 1100 
30-45 24-5 130-3 162-9 38-5 3-19 3-99 943 

Chosen meal ‘sham fed’ 
45-60 40-0 127-9 156-5 83 5-12 6-26 3320 
60-75 79-0 111-1 1114 43-5 8-78 8-82 3437 
75-90 37-7 124-5 139-8 23-5 4-69 5-27 886 
90-105 12-0 130-3 148-8 30 1-56 1-79 360 
105-120 11-0 116-6 142-4 34 1-28 1-57 374 
120-135 14-0 101-8 134-7 57 1-43 1-89 798 
DISCUSSION 


The amounts of acid, chloride and pepsin secreted in response to ‘sham feeding’ 
with the pectin meal, and with a palatable breakfast are shown in Figs. 1-3. 
It is clear that there is no increase in the amount of these substances produced 
in response to the pectin test meal, but the meal of choice caused a marked 
increase in the amount of acid, chloride and pepsin secreted. This finding 
confirms the belief that the pectin meal does not produce any significant 
stimulation of appetite juice in a subject who can secrete vigorously when 
allowed to select a palatable meal. 

Although following the meal of choice there is a rise in the volume of juice 
secreted and the amount of H ion therein, the concentration of H ions shows 
no significant alteration (Fig. 4). This means that as far as acid secretion is 
concerned the basal secretion and ‘appetite juice’ are similar in composition 
but, as Pavlov pointed out, appetite is expressed in an increased production of 
juice. The pepsin concentration, as seen in Table 3, rises — the first 15 min 
of feeding with the palatable meal. 

The increase in amount of pepsin produced as a result of a pleasant meal 
rises almost to its maximum during the first 15 min of the ‘sham feeding’ 
(Fig. 3), whereas with acid and chloride the maximum secretion is not attained 
until the second 15 min period after the commencement of ‘sham feeding’. 
This plateau-like curve of the pepsin secretion, together with increased 
concentration of pepsin in this period, could be accounted for by a preliminary 
washing-out of preformed pepsin as Babkin (1944) has suggested. 

The increased volume of the gastric juice produced in response to a meal of 
the subject’s choice was a striking feature in the ‘sham feeding’ experiments 
(Fig. 5), and this increase in gastric secretion was noticed within 3 min of the 
commencement of ‘sham feeding’. The rapidity of this response is in agreement 
with the findings of Janowitz et al. (1950), and is typical of nervous control. 
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= Period of sham feeding 


Amount of (m.equiv) 
8 8° 


Time (min) 


Fig. 1. Amount of H* secreted in response to ‘sham feeding’ a meal of subject's choice (O---O) 


and a pectin meal (x— x). Basal secretion, ------. 


<= Period of sham feeding 


Time (min) 


Fig. 2. Amount of Cl” secreted in response to ‘sham feeding’ a meal of subject’s choice (O---O) 


and a pectin neal (x — x). Basal secretion, ------. 
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Time (min) 
Fig. 3.'Amount of pepsin secreted in response to ‘sham feeding’ a meal of subject’s choice (O---O) 
and a pectin meal (x— x). Basal secretion, ------. 
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Concentration of H* (m.equiv/I.) 
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Fig. 4. Concentration of H* in gastric contents in response to ‘sham feeding’ a meal of subject's 
choice (O--—O) and a pectin meal (x— x). Basal secretion, ------. 
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The secretory activity of the stomach had returned to its resting level an 
hour after the commencement or 40 min after cessation of ‘sham feeding’ with 
the exception of pepsin which returned to its basal rate 15 min earlier. 

In complete contrast to the gastric activity under the influence of a powerful 
cephalic stimulus, the pectin test meal did not elicit a gastric response in any 
way different from the basal secretion. 
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Fig. 5. Volume of gastric juice produced in response to ‘sham feeding’ a meal of subject’s choice 
(O---O) and a pectin meal ( x— x). Basal secretion, -----. 


SUMMARY 


1. A subject with a gastrostomy for complete achalasia of the cardia was 
‘sham fed’ with a pectin meal, and the gastric response compared with the 
basal secretion and with the secretion in response to a meal of the subject’s 
choice. 

2. The pectin meal did not cause any cephalic secretion of gastric juice, 
whereas a meal of choice produced a marked cephalic response. 


We are grateful to Mr G, F. Gibberd for allowing us to carry out these experiments and to the 
patient for her help and co-operation. 
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THE EFFECT OF ANTERIOR PITUITARY EXTRACTS, 
‘DESICCATED THYROID, GROWTH-HORMONE PRE- 
PARATIONS AND ACTH ON THE EXTRACTABLE 
SECRETIN OF THE INTESTINES OF HYPOPHYS- 
ECTOMIZED AND INTACT RATS 


By J. E. C. DORCHESTER anp R. E. HAIST 
From the Department of Physiology, University of Toronto, 


Toronto, Canada 
(Received 21 July 1952) 


The finding of Dorchester & Haist (1952a) that hypophysectomy led to 
a reduction in the secretin content of the intestine of the rat, demonstrated 
that the pituitary gland influenced the activity of endocrine structures con- 
cerned with the elaboration of secretin. The results of the present investigation 
indicate that an important part of this influence is exerted by the anterior 
portion of the gland. This conclusion is based on the finding that crude extracts 
of the anterior pituitary and relatively highly purified growth hormone and 
ACTH preparations from the anterior portion of the gland prevented the 
lowering of intestinal secretin in the hypophysectomized animals. A pre- 
liminary report of part of this work has appeared in Federation Proceedings 
(Dorchester & Haist, 1952c). 


MATERIALS AND METHODS 


The methods for the extraction of rat secretin and its assay have been described previously 
(Dorchester & Haist, 1952a, b). Hypophysectomized and intact Wistar and Sprague-Dawley rats 
were the test animals. Rats were paired according to weight, one member of each pair serving as 
the test animal, the other as the control. In the experiments using hypophysectomized rats, each 
control animal received the same amount of food as the corresponding test rat. Control and test 
rats were sacrificed at the same times. In one series of experiments on hypophysectomized animals 
the test rate received desiccated thyroid gland in the food. In another, the test rats were injected 
with a crude saline extract of the anterior-pituitary gland. In a third series, rate were injected 
daily with growth-hormone preparations, and in a fourth, ACTH was administered. Further 
experiments were undertaken in which anterior-pituitary extract, growth-hormone preparations 
and ACTH were injected into intact rats. 
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RESULTS 
The effect of thyroid feeding in hypophysectomized rats 

Hypophysectomized Sprague-Dawley rats weighing 130-145 g were fed a diet 
of ground fox ration (Master Feeds Fox Breeder Cubes) containing 250 mg of 
desiccated thyroid gland per 100 g of food. The average daily food consump- 
tion was 13-5 g. Intact controls received each day the same amounts of the 
ground fox ration as the test rats, but this contained no thyroid material. 
After a period of 27-43 days, the animals were sacrificed and the extractable 
secretin of the intestines determined. Seven assays were completed, involving 
eight test and eight paired-fed control rats. The results are shown in Table 1. 
TaBLe 1. The effect of desiccated thyroid on the extractable secretin of the intestine of hypo- 

physectomized rats. Results are expressed as total activity in mg standard mucosa powder 


and as the relative potency of test and control x 100 (R). 7’ =hypophysectomized rats given 
thyroid. ee ee 8.E, =standard error of the mean 


Total Body weight Dried 


= 
} 
3 
8 
> 


38-9 
107 594 180 140 140 110 154 0-76 
194-9 390-1 352-0 967 1028 863 1341 6-50 
Mean 27:8 55-7 503 138 147 123 192 0-93 


8.E. 40 25 67 22 36 40 10-60-09 
¢ values for 7’ and C (by pairs) 6-58 2-70 
P<0-001 P<0-05 


Calculations of the ¢ values indicate that the thyroid-treated hypophysectomized rats have 
significantly less total secretin in their intestines (P <0-001) and probably significantly smaller 
intestines (P <0-05) than the paired-fed intact controls. 

A comparison between the average total secretin activity of the intestines of 
untreated hypophysectomized rats, as obtained in previous experiments, with 
the average values obtained in the thyroid-fed hypophysectomized group, 
shows that there is no significant difference between them. This is shown in 
Table 2. It is evident that the feeding of desiccated thyroid gland by mouth 
did not counteract the effect of hypophysectomy on the secretin content of the 
rat intestine. 


The effect of subcutaneous injections of a crude saline extract of the antervor- 
pituitary gland in hypophysectomized rats 
A crude saline extract of the anterior-pituitary gland (4.P.z.) was made after 
the method of Shockaert (1931) using 3 ml. of 0-85 % (w/v) NaCl for each 2 g 
of gland. The material was administered in gradually increasing doses, starting 


mucosa Initial Final intestine 

(g) (g) (g) 
0-88 
1-33 
1-37 
1-28 
1-65 
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8-73 
1-25 
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with 0-2 ml. every 2 days and reaching a maximum of 0-4 ml. per day by the 
end of the experiment. Twelve assays on female hypophysectomized Sprague- 
Dawley rats and their paired-fed controls were completed. On six occasions 
extracts from the intestines of untreated hypophysectomized rats were 
assayed in the same 5x5 Latin squares with those from rats injected with 
a.P.z. and their paired-fed controls. The results are shown in Table 3. 


Tasix 2. Comparison between the average extractable secretin of the intestine in untreated 
_ hypophysectomized rats and in hypophysectomized rats fed desicoated thyroid gland 
Mean values are followed by the standard error of the mean. 


Total secretin activity A 
in mg mucosa powder Hypox. x Proojenaat 


Hypox. 29-3+3-0 54-84 5-1 
x. + ‘8+ + 
Paired. fed controls 2-5 


Tasz 3. The effect of injections of anterior pituitary extract (a.P.z.) on the extractable 
secretin of the intestine of hypophysectomized female rate 


H =untreated hypophysectomized rate. AH = =hypophysectomized ee daily with a.P.8. 
C =normal controls paired-fed with the hypophy 


Total activity Body weight (g) Dried weight 

Duration in mg mucosa — ~ of intestine 
of powder Initial Final (g) 
«168 «754 453 #16 106 121 «118 237 210 +100 1-97 203 
49 «344 «500 543 111 126 228 208 1-63 
— 46 06 — 120 120 — 2% 200 — 142 1-80 
eo — 419 05 — 1% 15 — 22% 26 — 178 103 
61 362 496 458 110 120 121 180 220 204 1-20 1:55 1-90 
68 26 502 466 114 116 119 114 254 215 1-01 1-75 1-36 
— 382 490 116 121 — 238 238 — 185 1-66 
81 335 522 499 110 118 120 128 228 248 41-13 1:37 1-69 
82 212 47:2 451 107 114 120 US 214 208 1-07 1-18 1-80 

Total 170-7 645-1°587-2 668 1404 1443 729 2845 2674 6-38 18-78 21-43 

Mean 284 537 489 111 120 121 287 228 106 1-56 1-78 

8.5. 32 37 O8 18 13 O86 24 43 55 004 0-06 0-07 

tvalues 4-35 5-31 

forH P<0-001 P<0-001 

and AH 

(by groups) 

t values for AH 1-211 3-10 2-48 
and CO (by pairs) P<0-01 P<0-05 


There is a highly significant increase in the total secretin activity and in the intestinal weights 
in injected as compared to uninjected hypophysectomized rats (P <0-001). The final body weights 


in the hypophysectomized-injected animals than in the paired-fed intact controls. 


The results obtained with the untreated hypophysectomized rats were 
similar to those previously reported, that is, the total amount of extractable 
secretin in the intestine was significantly decreased when the pituitary gland 
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was removed. The differences in the total extractable intestinal secretin between 
the hypophysectomized and normal animals were highly significant (P < 0-001). 
On the other hand, there was no significant difference between the values for 
the extractable secretin of the-intestine of normal animals and of the hypo- 
physectomized rats receiving injections of a.p.z. Thus a.P.z. counteracted the 
effect of hypophysectomy on the secretin level of the intestine. 


The effect of growth-hormone preparations on the extractable secretin of the 
| intestine of hypophysectomized rats 
A small number of hypophysectomized rats were injected for periods of 
23-28 days with 1-0 mg per day of growth-hormone preparations, supplied by 
Armour and Co, and by Frank W. Horner Co. It was found that this treatment 
also restored the extractable secretin of the intestine to normal values. The 
results are given in Table 4. 


TaBLE 4. The effect of injections of growth hormone preparations on the extractable secretin 


of the intestines of hypophysectomized rats 
T =hypophysect d rate injected with growth hormone preparations. 
C = paired-fed controls. 
Total Body weight 
No. of activity in mg A 4 of in 
rats mucosa powder Initial Final (g) 


Preparation ae C T C T C T C 
22K RI (Armour) 22 549 437 #4108 108 210 #173 «4090 ~=61-13 
22 KRI (Armour) 22 331 42-1 98 18 = 163 
* K40806R (Armour) 2 2 472 422 #101 «#4101 #4188 148 ~~ 1-20 
K40805R (Armour) 2 2 548 445 #4110 223 #18 1-25 
C3E-J51 (Horner) 2 2 491 43-1 97 137 #+%120 092 
Total 1010 2301 2156 5615 SIL 942 830 625 613 
Mean 478 43:1 #103 «#4102 
8.E. 4-0 0-5 28 29 47 126 O15 012 
t values 1-29 2-70 0-127 
Calculations of the ¢ values do not indicate any significant differences in total extractable 
secretin or intestinal weights between the hypophy ized-injected rate and their paired-fed 
controls. 
The effect of ACTH om the extractable seoretin of the intestine of 
hypophysectomized rats 


Four female hypophysectomized rats daily subcutaneous inje 
of 5-O mg ACTH (Armour, lot no. 212-74) for 30 days. Two assays were 
completed. It was found that’ the secretin levels were similar for the hypo- 
physectomized rats injected with ACTH and the paired-fed intact control 
animals, The results are presented in Table 5. 

Fig. 1 summarizes the effects of the administration of desiccated thyroid 
gland, crude anterior-pituitary extracts, growth-hormone preparations and 
ACTH on the secretin levels of hypophysectomized rats. 
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‘Tanur 5. The effect of injections of ACTH on the extractable seoretin of the 


intestine of female hypophysectomized rate 
T =hypophysectomized rats injected with ACTH.  =paired-fed controls. 
Total Body weight (g) 
activity in mg pa A rine Dried weight 
No. of rate mucosa powder Initial Final _ of intestine (g) 
2 47-0 49-7 98 114 126 0-91 
2 2 49-1 44:8 4% 868 114 152 101 0-64 
Total 4 4 96-1 945 86190) = 196 228 278 2-07 1-55 
Mean 48-0 47-2 9 98 114 139 1-03 0-77 
8.E. 1-1 2-5 10 0 0 0-025 0-135 
i 
Hypox. Thyroid APE GH. ACTH 
' 
60 


Secretin activity in mig standard powder 


Fig. 1. Comparison of the effects on the extractable secretin of the intestine of hypophysectomy 
(Hypox.) and of the administration of desiccated thyroid gland, anterior pituitary extract. 

in hypophysectomized animals. 7'=test rate, C = paired-fed control intact rats. 


The effect of a.P.., growth hormone and ACTH injections on the extractable 
secretin of the intestine of normal intact rats 
The foregoing experiments demonstrated that the fall in the extractable 
secretin of the intestine of hypophysectomized rats could be prevented by 
A.P.E., growth hormone or ACTH. It was of interest therefore to determine: 
what effects these agents would have on the secretin levels in intact animals. 
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Normal female rats of the Wistar strain were given daily subcutaneous 
injections of crude anterior-pituitary extracts. As in the previous experiment, 
the amount injected was gradually increased. The maximum reached in these 
tests was 0-8 ml; per day. Eleven assays were rn In Table 6 the 
results are shown. 


6. The effect of injotions of antrior pituitary extrac (4.2.2) onthe extractable secretin 


of the intestines of intact rate 
T =intact rat injected with 
Total Body weight (g). 

activity in mg c Dried weight 
Duration mucosa » powder Initial Final of intestine (g) 

(days) T T C T C 
26 51-2 45-1 104 «= «104 190 190 1-95 1-97 
33 745 46-1 91 —«§8 190 160 2-46 2-05 
35 70-0 48-6 99 99 214 180 1-72 1-68 
36 63-1 50-1 ao 8=—688 186 162 2-66 2-03 
45 41-1 44-4 80 me) 200 182 1-91 2-03 
48 68-5 46-3 81 81 208 174 2-34 1-97 
57 60-2 44-1 92 88 186 174 1-45 1-67 
62 43-3 50-6 89 4©§°«sBD 210 202 2-41 2-69 
63 40-8 48-8 85 85 208 198 2-53 2-14 
27 59-0 47-5 99 99 174 176 1-05 1-85 
34 76-2 48-6 76 79 176 162 1-64 2-65 
Total 647-9 520-2 990 991 2142 1960 22-12 22-73 
Mean 58-9 47:3 90 90 195 178 2-01 2-07 
8.B. 3-95 0-68 2-7 2-5 4-21 427 0-15 0-01 

t 2-90 4-33 0-357 
P<0-02 P<0-01 


There is a significant increase in body weights (P <0-01) and a probably significant increase in 
the extractable secretin of the intestine (P <0-02) as a result of the injections of a.P.x. in intact 
rats. 


It was found that the extractable secretin of the intestine in the injected 
animals was significantly higher than in the paired-fed controls (P < 0-02). 

Five intact rats received 1-0 mg of a growth hormone preparation (Frank 
W. Horner and Co.) per day for 28 days. Five control rats were paired-fed 
with the injected animals. Three asays were performed on the test rats and 
three on the control animals, but no significant differences in the extractable 
secretin of the intestine were found when test and control rats were compared. 

Six intact rats were given 5-0 mg ACTH (Armour and Co.) daily by sub- 
cutaneous injection for 28 days. The extracts from groups of three rats were 
pooled for testing. No differences in the extractable secretin between test and 
paired-fed control rats were observed. 

Fig. 2 summarizes for intact rats the average effects on the extractable 
secretin of the intestine of daily mc of a.P.E., growth hormone 
preparations and ACTH. 


A.P.E. 


: 


i. 

0 


Fig. 2. Comparison of the effects on the extractable secretin of the intestine of the administration 
of anterior pituitary extract (4.P.8.), growth hormone preparations, and ACTH to intact rats. 
T =test rate, C =control rats. 


DISCUSSION 


The results of the present experiments indicate that the reduction in extractable 
secretin of the intestine which ordinarily follows hypophysectomy in the rat 
can be prevented by daily injections of a crude saline extract of the anterior- 
pituitary gland. It is not known whether this pituitary effect is direct or 
indirect. The administration of desiccated thyroid gland by mouth did not 
prevent the decrease in intestinal secretin, hence the effect is probably not 
mediated through the thyroid gland. However, daily injections of growth- 
hormone preparations and of ACTH, in the few tests in which they were tried, 
did prevent the reduction in extractable secretin of the intestine in hypo- 
physectomized rats. The possibility of the pituitary effect being mediated 
through the adrenals or through peripheral tissues must thus be considered. 
Since both growth-hormone preparations and ACTH seem able to prevent the 
fall in intestinal secretin in hypophysectomized rats, one must bear in mind the 
possibility that the ACTH preparation may be contaminated with growth 
hormone, the usual growth manifestation being inhibited by the ACTH, as 
well as the possibility that the growth-hormone preparations may be con- 
taminated with ACTH. Further possibilities are that a common contaminant 
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may be producing the effect or that the effect is produced through some final 
common path which each of these materials can influence, The finding that the 
crude extract appears to have a greater effect on the intestinal secretin in the 
intact animal than the growth-hormone preparations or ACTH alone would 
suggest that either there is another different effective component of the 
extract or else that there is a synergistic effect of some of the pituitary 
principles present in the extract. 

Much remains to be. established concerning the possible mechanisms 
involved in these changes in intestinal secretin, but the experiments outlined 
in this paper further demonstrate the pituitary influence on one of the gastro- 
intestinal endocrine structures. They indicate that the endocrine control of 
certain glands of external secretion may be influenced by the anterior-pituitary 
gland. Hence these results suggest a link between internal and external 
secreting mechanisms, and indicate that changes in the control of certain 
exocrine glands may form a part of the pattern of effects of key endocrine 
glands. The importance of this part of the pattern of effects can only be 
determined by further investigation. — 


SUMMARY 


1. Removal of the pituitary gland reduced the total extractable secretin 
of the intestine in rats. 

2. The administration of desiccated thyroid gland by mouth did not prevent 
the reduction in intestinal secretin in hypophysectomized animals. — 

3. The reduction in total extractable secretin of the intestine following 
hypophysectomy was prevented by daily injection of a crude extract of the 
antervor-pituitary gland. Growth-hormone preparations and, in a small series, 
ACTH also prevented this reduction from occurring after hypophysectomy. 

4. In intact rats the daily injection of a crude extract of the anterior- 
pituitary gland led to a probably significant increase in the extractable 
secretin of the intestine, but the injection of growth-hormone preparations 
and of ACTH, in a small series of animals, did not. 

5. The possible mechanisms involved in these changes are discussed. 
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of an animal to severe emotional stress leads within a few hours to 
the death of lymphocytes in its lymphoid tissues. This effect is mediated by the 
adrenal cortex, for it fails to occur in the adrenalectomized animal and it can 
be reproduced by injection of adrenal cortical extract or any of the C-11- 
oxygenated adrenal steroids (e.g. cortisone). These facts appear to be well 
established. 

The question arises, are the C-11-oxygenated adrenal steroids directly toxic 
to lymphocytes or is their action an indirect one, a question which could 
presumably be answered by observing their effect on lymphocytes cultured 
wm vitro, Several workers have performed this seemingly simple experiment 
but with very contradictory results. Heilman (1945), with hanging-drop 
cultures of lymph-node, found that cortisone caused some decrease of migra- 
tion and some increase of degeneration of the lymphocytes after 24 hr, but 
Baldridge, Kligman, Lipnik & Pillsbury (1951) were unable to confirm her 
observations. Delaunay, Delaunay & Lebrun (1949), in similar experiments, 
found no effect with 11-dehydrocorticosterone over an 8 hr period. With 
spleen cultures, Holden, Seegal & Ryby (1951) found that cortisone acetate 
caused some inhibition of lymphocyte migration. Baldridge et al. (1951) found 
that cortisone acetate had no effect whatever on hanging-drop cultures of the 
buffy coat of human blood over a 17 hr period. Using lymphocyte suspensions 
prepared from lymph nodes, Hechter & Stone (1948) found that addition of 
adrenal cortical extract caused a rapid decrease in the total number of 
lymphocytes present, indicating lymphocyte dissolution, but Robertson (1948) 
in similar experiments found no change in the total lymphocytes over a 12 hr 
period. Schrek (1949, 1951) incubated suspensions of thymus lymphocytes 
and counted, at intervals, the relative proportions of living and dead cells 
present. In this way he determined the average survival time of the lympho- 
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cytes im vitro and showed that very low concentrations of corticosterone, 
17-hydroxycorticosterone, and cortisone significantly shortened the survival 
time, whereas similar concentrations of deoxycorticosterone and various sex 
hormones had no effect. Although definite effects were demonstrated with 
concentrations as low as 0-06 yg/ml., increasing the concentrations did not 
markedly increase the effect, and he concluded that the toxic effect was 
relatively mild and delayed in its onset. On the other hand, Feldman (1950), 
using the same technique as Schrek, found no effect with cortisone, and with 
11-dehydrocorticosterone an effect only in high concentrations. 

The very discord of these reports suggests that some technical difficulties 
are involved. The chief difficulty has been that of maintaining a population of 
lymphocytes alive and healthy in vitro for even a few hours. The existing 
methods of tissue culture fail to achieve this, and it is safe to assume that the 
normal control cultures used by all the foregoing workers contained a con- 
siderable proportion of dead lymphocytes from the start, which proportion 
steadily increased during the period of culture. Furthermore there is much 
variation among parallel cultures in this respect. If therefore, as Schrek’s 
results suggest, the toxic effect of these steroids is mild and slow in onset, it 
might often escape detection against a heavy background of dead cells in the 
control cultures. Some workers, too, have used clinical preparations of the 
steroids containing solvents, preservatives and stabilizers which may be toxic 
to cells in vitro. Furthermore, where positive results were obtained, the objec- 
tion may be raised that the steroid merely hastened the death of moribund 
cells; it might turn out to have no effect on healthy cells. 

In the present work these difficulties have been largely overcome by using 
a new technique for maintaining lymphocytes in vitro, which involves cul- 
turing intact lymph nodes of young rats on the surface of wet cotton-wool in 


’ an atmosphere of oxygen. In such cultures the number of dead or degenerating 


lymphocytes present after 2 days in vitro is, on the average, about 2%, which 
gives a reasonable background on which to look for a cytotoxic effect. The 
results show that cortisone does have a specific lethal action on rat lympho- 
cytes in vitro. 
METHODS 
The method of lymph-node culture has been fully described elsewhere (Trowell, 1952a) and only 
the salient pointe will be given here. The lymph nodes used were the lumbar and sacral of rats 
4-5 weeks old weighing 50-90 g. These nodes contain no germinal centres (follicles), and for all 
practical purposes consist of a uniform population of small lymphocytes held in a network of 
reticular cells. The nodes were removed under aseptic conditions and placed on the surface of wet 
cotton-wool in a 12mm diameter glass culture cup. The culture medium, used for wetting the 
wool, consisted of 2 parts rat serum and 1 part ‘glucose-saline’ (0-7 g NaCl, 0-6 g glucose in 100 ml. 
double glass-distilled water). The serum was prepared from blood taken directly from the hearts 
of 3 to 6-month old rate under ether anaesthesia. The culture cup was placed in a Perspex culture 
chamber which was subsequently immersed in a 36° C water-bath and filled with oxygen. The 
chamber also contained a piece of NaOH-moistened CO,. 
18— 


276 0. A. TROWELL 


The cultures must not be larger than about 1 mm’, so while the smaller nodes were used whole, 
the larger ones were first cut into two or three pieces, Usually six cultures, all derived from one rat, 
were planted in each cup, and six to eight cups were put up in each experiment, which required 
the pooled serum from two to three donor rate. The initial pH of the culture medium after 
equilibration in the chamber was about 8-6 and it fell (owing to lactic acid production by the 
cultures) to about 8-0 after 2 days. This rather high pH slightly favours lymphocyte survival. 

The lymphocytes could not of course he examined during the experiment, they had to be fixed 
and stained at the end, This was done by cutting up the culture in a drop of serum on a slide so as 
to make a free suspension of the lymphocytes, which was then spread to make a thick film and 
immediately fixed (wet) in Susa. The film was stained in haemalum, dehydrated in ‘cellosolve’ 
and mounted in euparal. .The chief interest was to find out how many of the lymphocytes were 
dead. When lymphocytes die, their nuclei undergo pyknotic degeneration and the pyknotic (dead) 
lymphocytes are easily recognized and counted. The film was examined at x 600 and the numbers 
of normal and pyknotic lymphocytes counted in successive fields to a total of 500 cells. The 
percentage of the lymphocytes which are pyknotic is called the ‘Pyknotic Count’. The average 
pyknotic count in a series of 282 normal 2-day cultures was 1-61 + 0-08 (8.2. of mean) as compared 
with 1-04+0-07 in a series of fifty-eight normal fresh nodes. More detailed differential counts and 
cytological descriptions of normal and degenerating cells have been given in earlier papers 

of the following steroids was examined: cortisone (17-hydroxy-11-dehydrocortico- 


sterone), 11-deoxy » Al-deoxy st acetate, testosterone, oestradiol, 
progesterone. The cortisone (free aloohol) was the synthetic crystalline preparation of Merck and 
Co. 11-Deoxycorticost was prepared for me by Prof. W. H, Linnell and used at once as it is 


somewhat unstable. The others were obtained from Organon Laboratories Ltd. In each case the 
requisite weight of steroid dissolved in 0-2 ml. of 95% ethanol was added (slowly) to 100 ml. of 
‘glucose saline’. This solution was passed through a no. 5 porosity sintered glass filter to sterilize 
and then used in the usual proportion of 1 vol. to 2 vol. of serum to make up the culture medium. 
In some experiments the steroid was present in the medium from the start, in others the cultures 
were transplanted to steroid medium after a preliminary 2 days in normal medium. The final 
concentration of ethanol in the medium was 0-06%. In control experiments 0-2 % of ethanol was 
added to the medium. In some experiments purine and pyrimidine bases (L. Light and Co.) and 
insulin (B.D.H.) were also added to the medium ; they were dissolved in the glucose saline at three 
times the final concentration required. In the case of guanine and zinc insulin a small amount of 
HCl had to be added to facilitate solution, but this did not detectably alter the final pH of the 
medium. Usually twelve cultures were examined at each particular dose level or time interval and 
the mean pyknotic count (with 3.8. of mean) was used as a quantitative measure of the cytotoxic 
effect. This figure was therefore based on a total count of 6000 cells. 


RESULTS 
The effect of cortisone 
When cortisone is injected into an animal the lymphocyte destruction is 
maximal after 6 hr (Dougherty & White, 1945). In previous experiments we 
had investigated the toxic action of cyanide, of mercury, and of X-rays on 
these lymph-node cultures and found that the lymphocyte destruction was 
almost maximal after 5 hr. So it seemed reasonable to expect that if the 
cortisone were toxic a considerable effect would be seen in the cultures after 
5hr. Accordingly, in the first experiments lymph nodes were cultured in 
normal medium for 2 days, then transplanted to fresh medium containing 
cortisone and examined 5 hr later. The results obtained with various con- 
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centrations of cortisone are given in the first column of Table 1 and plotted 
graphically in Fig. 1. With a concentration as low as 0-1 yg/ml. a statistically 
significant, though slight, toxic effect was evident; but the unexpected finding 


100 


<— X-rays 


10” 10~* 10° 10~* 10" 107 

Molar concentration | 

Fig. 1. Pyknotic counts of lymph-node cultures 5 hr after addition of various concentrations of 

cortisone. The effects of addition of KCN, addition of HgCl,, and a brief exposure to X-rays 

are also shown. For convenience the X-ray doses (50-800 r, at 161 r/min) are plotted as 
concentration of ion pairs produced in water, on the basis that 1 r= 1-75 ion pairs/y*. 


TaBLE 1. Pyknotic counts of lymph-node cultures treated with cortisone. The figures 
are mean results with standard errors. Number of cultures in brackets 


Hours after addition of cortisone 


Concentration of cortisone ¢ ~ 
(with 0-06 % ethanol) 5 9 13-5 24 46 
0 (controls, 0-2% ethanol) 1-7 — — 2-3 1-9 
+0-22 (3) +0-53 (12) +0-14 (12) 
3x 10-7 (0-1 ug/ml.) 3-9 — 5-4 
+0-81 (10) +0-27 (12) 
10-* 77 wine —~ 1146 
+0-69 (9) +0-63 (12) 
3x 10-* m (1-0 pg/ml.) 6-9 12-3 15:3 20-7 22-1 
+0-42 (10) +40-86(12) +1-16(10) 41-21 (12) +1-98(17) 
10-5 w 9-7 14-5 — — 30-4 
+0-67 (11) +0-64 (11) + 1-67 (12) 
3 x 10-5 (10 pg/ml. 9-5 _ 46-1 
+0-39 (12) +3-23 (11) 


was that increasing this concentration 100-fold increased the effect only 

slightly. The results obtained with cyanide, mercury and X-rays under 

comparable conditions are also shown in Fig. 1 and the contrast is obvious. 
These results suggested that time rather than concentration was the limiting 
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factor in these 5 hr experiments, and that the toxic action of cortisone might 
turn out to be more delayed than that of cyanide, mercury or X-rays. Such 
proved to be the case. Fig. 2 (and Table 1) shows the effect of a medium con- 
centration of cortisone (1 g/ml.) allowed to act for longer periods of time. The 
effect increased with time up to 24 hr after which there was but little further 
increase. Having established that a maximal effect was to be obtained after 
46 hr in cortisone, a dose-effect curve was determined under these conditions. 
In this case the cortisone was present in the medium from the start and the 
cultures were examined after 46 hr in vitro. The results are shown in Fig. 3 
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Fig. 2. Pyknotic counts of lymph-node cultures Fig.3. Pyknotic counts of lymph nodes cultured 
at various times after addition of cortisone. for 46 hr in various concentrations of cortisone 
Cortisone concentration 3 x 10~* m (with 0-06 % (with 0-06% ethanol). @, cultures in corti- 
ethanol). @, controls in 0-2 % ethanol. sone for 3-5 hr only, followed by normal 

medium for 42-5 hr. 


(and Table 1); the points are plotted on logarithmic-probability paper and, as 
is usual in a dose-mortality curve, they fall on a straight line. It appears that 
with the highest concentration of cortisone that can be used under these 
conditions (owing to the limitation of solubility), namely 10 yg/ml., it is only 
possible to kill about 50°% of the lymphocytes in 46 hr; and, by extrapolation 
of the curve, that a concentration of about 10 mg/ml. would be required to 
kill 99% of them. This deduction is however somewhat fallacious, because by 
the end of 46 hr some of the lymphocytes which died early in the experiment 
have been removed by macrophages and others have entirely disintegrated, so 
that they escape counting. There is no way of determining the absolute cell 
mortality, but. it is undoubtedly higher than the percentage of dead cells 
found after 46 hr. So the toxic action of cortisone is somewhat greater than 
these figures at first sight suggest. These results are in harmony with those of 
Schrek (1949, 1951) and confirm his conclusion that C-11-oxygenated adrenal 
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cortical steroids have a mild and delayed cytotoxic action on lymphocytes 
in vitro. 

In another experiment lymph nodes were cultured in cortisone 10— m for 
3-5 hr, then washed and transplanted to normal medium where they remained 
for the rest of the usual 46 hr period. The mean pyknotic count in this case 
was 3°7 + 0-32 (12). This point ( @) is plotted in Fig. 3 where it may be compared 
with the figure of 30-4 obtained when the nodes remained in 10- m cortisone 
for the whole 46 hr. It is therefore not that cortisone causes an immediate 
and irreparable damage to the cells which results in their death several hours 
later, but rather that the longer they are exposed to cortisone the more likely 
they are to succumb. 

No specific cytological changes were found in the lymphocytes exposed to 
cortisone. The cells simply underwent a process of ‘pyknotic degeneration’ 
which I regard as the non-specific autolysis of an already dead cell; for the 
cytological changes are exactly the same whether the cells are killed by corti- 
sone, cyanide, mercury, X-rays, anoxia, glucose starvation or mechanical 
trauma. The cytological changes accompanying lymphocyte autolysis have 
been fully described elsewhere (Trowell, 1952). Dougherty & White (1945) 
attached some importance to ‘cytoplasm shedding’ on the part of the lympho- 
cytes, but it seems that this is simply part and parcel of the breakdown of dead 
cells and in any case it is not a specific effect of cortisone. Reticular cells and 
macrophages were present in all the films examined in these experiments and 
they were apparently unaffected by the cortisone. 


| The effect of other sterovds 
Lymph nodes were cultured for 46 hr in 10-* m concentration of various 
other steroids and the results are given in Table 2. Deoxycorticosterone 


TasB.z 2. Pyknotic counts of lymph nodes cultured for 46 hr in 10-* m concentration of various 
steroids (with 0-06 % ethanol). The figures are mean results with standard errors. Number of 
cultures in brackets 


Controls (0-2 % ethanol) 1940-14 (12) 
Cortisone (11-dehydro-17-hydroxycorticost ) 30-4 + 1-67 (12) 
11-Deoxycorticosterone 3-7 +0-29 (18) 
11-Deoxycorticosterone acetate (DOCA) «440-29 (24) 
Testosterone 1-56+0-18 (12) 
Oecstradiol 2-4+40-32 (12) 
Progesterone 1-9+0-16 (12) 


acetate hada slight toxic action. Deoxycorticosterone (free alcohol) had 
somewhat less effect, probably because it is not completely stable at 37° C. 
Testosterone, oestradiol and progesterone had no effect. These results, so far 
as they go, show that the lymphotoxic effect is specific for certain of the adrenal 
steroids. It seems that the HO.CH,.CO- group at C-17 and the oxygen atom 
at C-11 are both concerned in the lymphotoxic action. 
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Lymphotowic adrenal steroids in normal blood | 

In normal rat lymph nodes about 1% of the lymphocytes are pyknotic 
(Trowell, 19524), and it is well known that adrenalectomy is followed by 
lymphoid hypertrophy. These facts suggest that normal blood may contain 
sufficient natural cortical. steroids to affect lymphocytes, and the question 
arose whether the serum used in our experiments contained sufficient of these 
steroids to influence the results. This point was investigated by repeating some 
of the experiments using the serum of adrenalectomized animals. Two rats of 
the usual age and strain were adrenalectomized under pentobarbitone and 
then maintained on 1% NaCl for 3 days. They were then bled out and the 
pooled serum used to make up the usual serum-glucose saline culture medium. 

Lymph nodes cultured in this medium for 2 days had a mean pyknotic 
count of 3-3 which is slightly higher than the normal figure of 1-6 (Table 3, 
Exp. 2). This result does not support the idea that the small amount of pyknosis 
found in normal cultures is due to natural adrenal hormone in the culture 
medium. The serum of adrenalectomized animals appears, in fact, to be more 
‘toxic’ than normal serum, which is not altogether surprising in view of its 
many biochemical abnormalities. Lymph nodes cultured in this medium with 
added cortisone 10-* m for 46 hr had a mean pyknotic count of 27-6 which is 
to be compared with 30-4 in the case of normal serum with added cortisone 
(Table 3). This difference is in the expected direction but it is not statistically 
significant (P= >0-1). In order to reach significance (P = < 0-05) the difference 
would have to be 4-3, which, reading from the curve in Fig. 3, would correspond 
to a difference in cortisone concentration of about 0-7 ng/ml. In this experi- 
ment, therefore, one would expect to detect the presence of 1 pg/ml. of 
‘cortisone equivalent’ in normal serum, and the conclusion is that less than 
this amount was present. 

The lumbar lymph nodes of the two adrenalectomized rats were examined 
by the usual film technique and the mean pyknotic count was 0-65 + 0-13 (4) 
as compared with 0-77 + 0-13 (4) for the lumbar nodes of two normal rats of 
the same age kept under the same conditions. 

The conclusion is that by these methods no lymphotoxic steroid of adrenal 
origin can be detected in normal serum. 


Attempts to antagonize the action of cortisone 
Various substances were added to the culture medium in the hope of modi- 
fying the effect of cortisone and so obtaining a clue to the mechanism of its 
action on lymphocytes. The substances were chosen in the light of known or 
supposed effects of cortisone on the metabolism of other tissues. The results, 
together with the requisite controls, are given in Table 3. 
Insulin. In the whole animal cortisone has a diabetogenic action which is 
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antagonized by insulin. Colowick, Cori & Slein (1947) found that the hexo- 
kinase activity of rat tissue extracts was inhibited by addition of adrenal 
cortical hormone and that the effect. was reversed by insulin. Balmain, Folley 
& Glascock (1952) found that cortisone inhibited the synthesis of fatty acids 
by rat mammary gland slices i vitro and that the effect was reversed by 


Tasxs 3. Pyknotic counts of lymph nodes cultured in various media with and without cortisone. 
The figures are mean results with standard errors. Number of cultures in brackets 


Expt. 2 days 46 hr 9 hr 
no. Culture medium without cortisone with cortisone with cortisone* 
A. Cortisone 
l 8 1640-08 (282) 30-441-67 (12) 14-5 + 0-64 (11) 
2 §, using serum of 3-340-35(17)  27-6+41-23 (18) 
adrenalectomized 
using in 1-9+0-29 (6 29-6 + 1-87 (6 
von place (6) (6) 
4  §-+sine insulin 0-01 unit/ml. 2-0+0-36 (12) 26-7 +1-91 (11) 
5 3-3+0-42 (12) 25-6 + 2-04 (12) 
uni 
6 §S+adenine 10~* 2-4+40-21 (18) 26-8 + 1-26 (17) 12-8+0-57 (18) 
7 S+adenine 2 x 10-* u 7-9+0-66 (6) 
8 8+guanine 10~*m 1640-16 (12) 20-4+1-22 (17) 
S+thymine 10~* u 1-6+40-24(12) +25-9+40-99 (17) 
10 §8+cytosine 10~* 2-240-17(11) 23-2+1-27 (6) 
8+ uracil 10-~* u 1940-16 (12) (18) 
8 + adenine, guanine, *8+1-40 (18) 12-3+0-51 (1 
2x10-*u 
13 S+adenosine 10-4 u 2-1+0-23 (18) 27-0+1-68 (11) 13-2+0-65 (12) 
14 §8+adenosine 2 x 10-* 9-0 + 1-04 (10) | — 
B. Cortisone 3 x 10-* u 
15 1-640-08 (282) (17) — 
16 §8+testosterone 3x 10-5 m 24-1+41-43 (24) — 
17 8 1-1+0-17 (18) 19-5 + 0-62 (18) 10-6 +0-56 (12) 
18 testosterone u 19-2 4+ 1-18 (18) 
19 S+adenine 10~* u — 16-0 +1-15 (16) 


8S =standard control medium (2 vol. serum +1 vol. 0:7% NaCl, 0-6% glucose). 

* Oultured 2 days in ordinary medium, then transplanted to the medium specified with cortisone. 

t These figures are significantly less (P <0-05) than those obtained in standard medium with 
cortisone. 
insulin. In Expts. 4 and 5 (Table 3) insulin had perhaps a slight antagonistic 
action, but the differences are not statistically significant, and it is concluded 
that insulin has no important action in this respect. | 

Potassium. Ingle, Sheppard, Evans & Kuizenga (1945) showed that cortisone 
increased the urinary excretion of potassium in the rat. This could mean that 
cortisone depresses the normal ‘cation pump’ mechanism of cells in general so 
that they lose potassium and gain sodium by diffusion. If the lymphocytes die 
for this reason they could perhaps be protected by increasing the potassium 
content of the medium and decreasing the sodium. For this purpose a medium 
composed of 2 parts serum and 1 part of a solution containing 0-9% KCl and 
0-6% glucose was used. The potassium concentration was 12 times, the 
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sodium concentration 0-66 times, and the potassium/sodium ratio 17 times 
that in the normal physiological medium, and the tonicity was unaltered. The 
results (Expt. 3) showed, surprisingly, that this medium was itself harmless to 
the cells, and also that it in no way modified the effect of cortisone. 

Serum from a different rat colony. Both the lymph nodes and serum normally 
used throughout this work came from rats of our own Harwell colony. It was 
found however that when lymph nodes of Harwell rats were cultured in serum 
from rats of the colony kept at the A.R.C. Field Station, Compton, Berkshire, 
the cortisone effect was about 30% less. (Expts. 1 and 17 compared.) This 
difference was both statistically significant and repeatable. The rats in these 
two colonies were of the same strain (pure, white Wistar) and those used were 
of the same age and sex (9), but ‘their housing and diet were somewhat 
different. The Harwell rats were fed commercial rat nuts, the Compton a wet 
mash of bread, grains, fish meal, greens and milk: both diets were supplemented 
with yeast and cod-liver oil. The rats were not starved before use. Neither diet 
appeared to be deficient in any respect, but some dietary difference seems the 
most likely explanation of the results and the problem requires further 
investigation. 

Testosterone. Experiments on the whole animal have shown that cortisone 
has a protein katabolic action (Clark, 1950; Hoberman, 1950), while testo- 
sterone has a protein anabolic action (Kochakian, 1937). Expts. 15-18 show 
that testosterone does not influence the effect of cortisone on lymphocytes in 
either Harwell or Compton serum. 

Pures and pyrimidines. Skipper, Mitchell, Bennett, Newton, Simpson & 
Eidson (1951) have shown that cortisone markedly inhibits the synthesis of 
nucleic acid purines in the viscera of mice, as judged by the rate of incorpora- 
tion of *C formate over a 6hr period. If cortisone kills lymphocytes by 
inhibiting their purine or pyrimidine synthesis, then it should be possible to 
protect them by adding purines and pyrimidines to the culture medium. The 
naturally occurring purine bases (adenine, guanine) and pyrimidine bases 
(thymine, cytosine, uracil) and also the nucleoside adenosine were investigated 
from this point of view. None of these substances was toxic in the concentra- 
tion used (10m). Adenine and adenosine were found to be markedly toxic 
at 2x 10-* m (Expts. 7 and 14), so concentrations higher than 10~* m were not 
tried. The results (Expts. 6, 8-11, 13 and 19) suggest that each of these 
substances slightly reduces the cortisone effect and in most cases (those 
marked + in Table 3) the reduction was statistically significant. Dr P. Schioler 
(personal communication) has found that leukaemic lymphocytes in vitro 
tapidly convert added purines to allantoin, so it is likely that in my experi- 
ments these substances rapidly disappeared from the medium. On the other 
hand, their effect in the 9 hr experiments was no greater than in the 46 hr ones. 
Expt. 12 showed that a mixture of all the purines and pyrimidines at the same 
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total molar concentration had no more effect than any one alone. Taken as 
a whole these results are suggestive but they seem too slight to warrant any 
certain conclusions. 
DISCUSSION 

In these experiments as little as 3x 10-’ m cortisone (0-1 ug/ml.) killed some 
of the lymphocytes. This works out at 30,000 molecules per lymphocyte, 
assuming a uniform distribution of cortisone throughout cells and medium. 
I know of no other substance that can kill mammalian cells in such low 
concentration: the only serious competitor is nitrogen mustard. Schrek (1948, 
1949) showed that nitrogen mustard shortens the survival time of lympho- 
cytes in vitro and from his data it can be calculated that the minimum effective 
concentration was about 4 x 10-* m, while the minimum effective concentration 
of 17-hydroxycorticosterone in his experiments was 1-7 x 10-’ m. Cyanide is 
only toxic to lymphocytes at concentrations greater than 3 x 10~* m (Fig. 1) 
and on this basis cortisone is a thousand times more toxic than cyanide. 
Sannié & Verne (1934) investigated the toxic action of all the heavy metals on 
tissue cultures of fibroblasts and epithelium. They found that mercury was the 
most toxic metal and in their experiments the minimum effective concentra- 
tion of HgCl, was 5x10-*m. As shown in Fig. 1, the minimum effective 
concentration of HgCl, for killing lymphocytes in 5 hr is 3 x 10- m, and other 
experiments showed that they survive without harm for 2 days in 10-* m HgCl,. 

The possibility that the cortisone contained some toxic impurity was 
considered, and rejected for the following reasons. The cortisone used was the 
synthetic crystalline free alcohol. A 10-* m solution in 0-2% ethanol in glass- 
distilled water gave no colour reaction with diphenylthiocarbazone reagent, 
which excluded any measurable concentration of the common heavy metals. 
Assuming a maximum level of 1° impurity, the contaminant would have to 
be toxic in a concentration of 0-001 ug/ml., which seems impossible. 

It appears that the action of cortisone on lymphocytes in vitro under the 
conditions used here is much slower than it is in the whole animal. This seems 
to be an important difference which so far remains unexplained. 

Several workers have claimed to estimate the adrenal steroids in blood by 
chemical methods. Hemphill & Reiss (1947) found about 3 pg/ml. of ‘cortin 
equivalent’ in normal rat blood, and Corcoran & Page (1948) found a similar 
amount in human blood and dog blood. The methods used have been subject 
to much criticism and there is no doubt that these figures are a gross over- 
estimate. The recent method of Nelson, Samuels, Willardson & Tyler (1951) 
appears to be much more accurate and specific. These authors found in normal 
human blood 0-04—0-1 yg/ml. of the natural C-11-oxygenated adrenal steroid 
which appeared to be almost entirely 17-hydroxycorticosterone. This is too 
little to be detected by the method I used, so my results are not at variance 
with this finding. 
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The protective effects obtained with purines and pyrimidines seem too 
small to be of much importance. They suggest that cortisone may act by 
inhibiting synthesis of the purines and pyrimidines required for normal 
nucleic acid turnover, but equally cortisone may simply make the lymphocytes 
less permeable to normally utilized purines and pyrimidines in the medium. 
The fact that adenine and adenosine were if anything less effective than the 
others seems to rule out the idea that the vulnerable point is the supply of 
adenosine for synthesis of ATP, coenzymes I and II, or flavinadenine 
dinucleotide, all of which are necessary for cell respiration. 

That a natural hormone should be specifically ‘toxic’ to one particular type 
of cell seems both remarkable and unique. It is difficult to believe that this is 
a fortuitous side-effect and that in the ‘alarm reaction’ the lymphocytes die 
to no purpose. The key to lymphocyte function may yet be found among the 
products of lymphocyte autolysis. | 


SUMMARY 

1. Lymph nodes from young rats were cultured in vitro in a serum-saline 
medium. The percentage of dead (pyknotic) lymphocytes present in the 
cultures at the end of the experiment was determined by differential cell 
counting on film preparations. For normal 2-day cultures the figure was 1-2 %. 

2. Cortisone, added to the medium, slowly killed the lymphocytes, Some 
were dead in 5 hr and the number increased proportionally to the logarithm 
of time over the first 24 hr. | 

3. Cortisone had a definite effect at 3x 10-’m concentration (0-1 yg/ml.) 
and at 3x 10-° m it killed at least 45% of the lymphocytes in 2 days. The 
probit effect/log dose relationship was linear. 

4. Cortisone caused no specific cytological changes in the lymphocytes. 

5. In 10-° m concentration, deoxycorticosterone killed a few lymphocytes, 
while testosterone, oestradiol and progesterone had no effect. 

6. Various experiments combined to show that there is no effective con- 
centration of lymphotoxic adrenal hormone in normal rat serum. 

7. When serum from rats of a different colony, receiving a different diet, 
was used for the culture medium the cortisone effect was about 30% less. 
_ 8. Purine or pyrimidine bases added to the medium slightly diminished the 
cortisone effect. Potassium, insulin and testosterone had no influence. 


The culture work and the cell counting were done by Mr W. R. Lush assisted by Miss P. E. Law 
and Miss J. Carter. I am very grateful for the conscientious care and patience with which they 
have carried out their work. Thanks are also due to Mrs P, H. Herbert of this Unit for performing 
the adrenalectomies, and to Prof. W. H. Linnell of the London University School of Pharmacy for 
providing the deoxycorticosterone. 
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THE HISTAMINASE CONTENT OF THE RAT UTERUS, 
AND ITS RELATION TO THE DECIDUA 


By M. ROBERTS anv J. M. ROBSON 
From the Department of Pharmacology, Guy’s Hospital Medical School, London 
23 July 1952) 


Kapeller-Adler, 1944; Anrep, Barsoum & Ibrahim, 1947) that the histaminase 
content of the blood rises during normal human pregnancy. The principal source 
of the enzyme is thought to be the placenta, which is relatively rich in hista- 
minase (c. 100 p.v./g, i.e. 1 g destroys 46g histamine/hr at 37° Cand pH 7:2). 
Recently, Swanberg (1950) has suggested that this placental histaminase is 
present mainly in the decidual tissues of maternal origin. To support his 
thesis, he established the following evidence: (1) in human placenta, the 
maternal decidua has a very high histaminase content, whereas the foetal 
element has a very low one; (2) histaminase is absent from animal placentae 
having no maternal tissues (e.g. pig, horse); (3) a deciduoma produced in the 
non-pregnant uterine horn of a unilaterally pregnant rabbit gave an elevated 
histaminase value. Further experiments seemed to show that, in the rabbit, 
histaminase formation in the endometrium was stimulated by treatment with 
progesterone. 

In the present work, the histaminase content of female rat tissues has been 
studied using the simple and rapid volumetric method devised by Kapeller- 
Adler (1951). Preliminary experiments revealed an enormous increase in the 
histaminolytic power of the uterus during pregnancy. The placenta also gave 
high values, and the bulk of the placental histaminase was shown later to 
occur in the maternal part. Other tissues contained relatively little enzyme, 
less even than the non-pregnant uterus. Attempts to discover the influences 


(hormonal or otherwise) bringing about this large increase were made along — 


similar lines to Swanberg’s work on the human and the rabbit. 

First, odphorectomized rats were treated with various hormones, and their 
uteri examined for histaminase. Next, rats were made unilaterally pregnant, 
and the histaminase content of the pregnant and control horns compared. 
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Finally, deciduoma formation was induced in the left uterine horns of a num- 
ber of pseudopregnant rats by the method of Astwood (1939). In some of 
these, decidual tissue was separated carefully from the uterine muscle, and 
the two tissues analysed independently for histaminase. Values were com- 
pared with those obtained for the untraumatized right horns. Some work was 
also done on the histaminase content cf the myometrial gland of the uterus. 


METHODS 

Extraction of histaminase. Tissues were weighed immediately on removal from the animal and 
ground up with fine sand and 5-25 ml. of 0-9 % (w/v) NaCl. After an hour’s frequent shaking and 
stirring, the extract was filtered and then centrifuged. It could be left with a few drops of chloro- 
form for some days at 0° C without loss of enzyme activity. 

Histaminase estimation. The volumetric method of Kapeller-Adler (1951) is based on the 
decoloration of indigocarmine (Analar; B.D.H.) by the one molecule of hydrogen peroxide formed 
during enzymic destruction of one molecule of histamine. Residual indigocarmine not decolorized 
is determined by titration with 0-002 N-potassium permanganate. Incubation tubes were made 
up with (a) 2 ml. (or 3 ml. if the volume of tissue extract used was less than 0-5 ml.) m/15 phos- 
phate buffer of pH 7-2; (6) 0-1 ml. of a solution of 10 mg histamine dihydrochloride/ml. in dis- 
tilled water; (c) 1 ml. of indigocarmine solution (200 mg in 300 ml. water); (d) a suitable quantity 
of tissue extract (0-1—1-0 ml.); and (e) a few drops of chloroform to inhibit bacterial growth. 
Control tubes were made up similarly, but without the addition of histamine. All were incubated 
in an atmosphere of oxygen at 37° C for 24 hr. Determinations were done in triplicate when the 
amount of extract made this possible. The average difference in permanganate titre between 
blanks, and tubes with histamine, was taken as a measure of the histaminase content of the tissue 
extract (0-1 ml. 0-002 n-KMnO,=1 permanganate unit=1P.v.=the destruction of 0-46 ug 
histamine/hr and the uptake of 0-05 ul. O,/hr at 37° C and pH 7-2). 

Treatment of the rats. (a) Bilateral ojphorectomy was carried out by the dorsal route, and the 
rate were treated subcutaneously with various hormones dissolved in olive-oil. (b) Unilateral 
pregnancy was induced by tying off the upper end of one uterine horn, and then mating the 
animals. The duration of pregnancy was estimated from the time of finding of the vaginal plug. 
(c) The method of Astwood (1939) was used for deciduoma formation. Rats in oestrus or pro- 
oestrus were made pseudopregant by stimulating the cervix uteri with a strong faradic current 
for 30 sec. Four days later, the animals were opened up under ether anaesthesia, and the endo- 
metrium of the left uterine horn was traumatized antimesometrially with a sharp needle. The 
condition of the corpora lutea was also observed, in order to confirm pseudopregnancy. Three to 
four days after traumatization, the rate were killed and the left and right uterine horns dissected 
out for histaminase determinations. Separation of the deciduomata from the uterine muscle was 
carried out with a sharp scalpel. 

RESULTS 
Histaminase content of normal rat tissues 
Table 1 gives a series of values for tissues of both pregnant and non-pregnant 
rats, and for the uteri of oéphorectomized animals. Where several rats had to 
be sacrificed in order to obtain adequate material for assay, the number of 
animals used is given in brackets. (In the odphorectomized rats, the group of 
ten had had their ovaries removed 13 days before death, the group of five 
48 days before death). Other tissues were also examined, and typical values 
obtained were as follows: foetus, 4-10 P.v./g; amniotic fluid, 5; vagina, 36 
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and 49; blood serum and whole blood, <2; kidney, 6 and 12; liver, 6; intes- 
tine, 33; lung, 48; mammary gland, 9; heart muscle, 9; leg muscle,3. 


Uterus (pregnant | 1900 — 


It is clear that, even in non-pregnant rats, the uterus has a higher hista- 
minolytic power than most of the other tissues examined. Odphorectomized 
rats show no loss of histaminase in the uterus. Most striking is the large 
increase that occurs during pregnancy, particularly during the earlier stages; 
the total placenta also has a very high histaminase content. Three days after 
parturition, the uterine histaminase is practically back to normal. Foetus 
and amniotic fluid contain practically no histaminase. 

It was found quite simple to effect a fairly efficient separation of the 
maternal and foetal tissues of the placenta. Determinations on these from rats 
in an advanced state of pregnancy (Table 2) showed that the enzyme occurred 


TaBLE 2. Histaminase content of the maternal and foetal portions of the rat placenta, 
and of the myometrial glands, endometrium and muscle of the uterus (P,v./g) 


Maternal Foetal 
Rat no, placenta placenta Uterus 
| 1676 189 1236 
| Uterine Uterine Myometrial 
muscle glands 
2 408 126 960 1778 — 
3 1121 93 558 71 
4 1909 49 394 177 1470 
5 2238 59 183 46 
6 are — 216 | 70 255 
7 — —_ * 184 53 170 


mostly in the maternal part of the placenta. The uterus was also carefully 
separated in several experiments into muscle, endometrium and myometrial 
glands. The muscle itself always contained quite large amounts of enzyme. 
Values for the endometrium and the myometrial glands were rather variable, 
but the latter appear always to contain more histaminase than the former. 


One very high value for the histaminase content of the myometrial glands 
was obtained (1470 p.v. v-/8)- 


: Tasie 1. Histaminase content of rat tissues (P.U./g) 
4 * Unilaterally pregnant. 
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Effect of hormonal treatment 

Odphorectomized rats were treated with hormones that seemed likely to 
influence the histaminase content of the uterus. Hormones and doses were: 
. oestradiol (10ug/day for 10 days); oestradiol (10ug/day for 7 days) followed 
by progesterone (2 or 5 mg/day for 10 days); deoxycortone acetate, DOCA 
(5 mg/day for 10 days) and testosterone propionate (5 mg/day for 10 days). 
Typical values for the uterine histaminase were: after oestradiol, 42 and 
33 p.v./g; after oestradiol and progesterone, 151 and 39; after DOCA, 68 
} and 27; after testosterone propionate, 24 and 43. 

In view of the normal variation that occurs in rats, none of these hormones 
produced any significant effect. 


Unilateral pregnancy 
4 In rats made unilaterally pregnant, it was found that the usual large in- 
crease Of histaminase took place in the pregnant horn and its placentae 
(Table 1). 
Values for the control horn were in one case (250 p.v./g) slightly elevated, 
in the other (136) not significantly different from the normal. 


Deciduoma formation 
Deciduomata were induced in the left uterine horns of a number of pseudo- 
pregnant rats; the right horns were untraumatized and taken as controls. 
Table 3 gives results, including those cases in which decidual tissue was 
separated carefully from the uterine muscle and the two tissues analysed 
independently for histaminase. ra 


TaBxz 3. Histaminase content of traumatized (left horn) and non-traumatized 
(right horn) pseudopregnant rat uteri (P.U./g) ; 
horn Right . 


Total Total Lefthorn Lefthorn  endo- horn 
left horn righthorn muscle decidua metrium muscle 


Rat 1 280 ~ 20 
Rat 2 212 ome 
5 rate combined 250* 50 100 689 -- — 
) 4 rats combined 183* 64 105 441 — — 
3 rats combined 143* — 62 550 Not 70 


In the last experiment with three rats, attempts were made to obtain 
separate values for the endometrium and muscle of the right horn. It was not 
| possible, however, to get a figure for the endometrial histaminase, owing to 
inadequate weight of material. It could be shown, however, that muscle 
free of endometrial tissue contained measurable enzyme activity. 
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detectable 
* Weighted means. 
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The results show that histaminase production is definitely stimulated by 
deciduoma formation (though not up to the levels occurring in pregnancy), 
_and that the increase of enzyme is most marked in the decidual tissues. 


DISCUSSION 

The most striking feature of the present results is the high histaminase 
content of the pregnant rat uterus. Separation of the pregnant uterine muscle 
from the endometrium and myometrial glands showed that, although there 
was histaminase in the endometrium and myometrial glands (occasionally 
high values), the pure muscle itself still contained a large amount of enzyme. 
These facts, and the presence of quite large amounts of histaminase in the 
non-pregnant uterus and the traumatized uterus, are against the idea that the 
placenta is the only source of the enzyme, at any rate in the rat. It is perhaps 
relevant here to point out that the rat uterus is well known to be insensitive 
to histamine. 

These results are not altogether in accordance with those of Swanberg 
(1950) who strongly emphasizes the decidual origin of histaminase, at any rate 
in the human and rabbit. In particular, it was not possible to show any 
increase of the normal enzyme content of the rat uterus by treatment with 
progesterone. Preliminary experiments with the rabbit have also failed to 
confirm Swanberg’s claim that the endometrial histaminase is greatly elevated 
by progesterone treatment. 

It is confirmed, however, that in the placenta there is a higher concentration 
of enzyme in the maternal portion. But it is by no means absent in the foetal 
placenta. It is remarkable that, in spite of the enormous amounts in placenta 
and uterus, practically no histaminase is found in the blood. 

The increase of histaminase in the pregnant horn of a unilaterally pregnant 
rat, but not to any appreciable extent in the non-pregnant horn, would seem 
to imply that formation of this enzyme is in some way a local response to 
intra-uterine growth, and not simply a response to a hormone or hormones 
circulating in the blood. The deciduoma experiments show that the presence 
of a growing foetus is not necessary, and that decidual growth alone will 
favour increased histaminase production. 

The function of uterine and placental histaminase remains a matter for 
speculation; it could conceivably be there to protect either the foetus or the 
uterus against the deleterious actions of histamine or other toxic diamines. 
The much greater concentration of the enzyme in the maternal tissues of the 
placenta, and the high values yielded by the uterus itself, would seem to 
support the theory that it is the uterus that is being protected against hista- 
mine. This histamine might be expected to be liberated as a result of the 
breakdown of tissues occurring during formation of the placenta, and of the 
degenerative changes taking place in the last stages of pregnancy. 
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SUMMARY 


1, An enormous increase in the histaminolytic power of the rat uterus and 
placenta occurs during pregnancy. The bulk of this placental histaminase is in 
the maternal portion. Large quantities are also found in the uterus, par- 
ticularly in the uterine muscle. 

2. Treatment with various hormones produced no significant effect on the 
histaminase content of the uteri of oéphorectomized rats. 

3. In rats unilaterally pregnant, it was found that the usual large increase 
of histaminase occurred in the pregnant horn of the uterus, but not in the 
non-pregnant horn. 

4. Histaminase production was stimulated by deciduoma formation, and 
increase in enzyme activity was most marked in the decidual tissue. 


We are grateful to Dr Tindall of Organon Ltd. for the supply of the steroids used, and to the 
Medical Research Council for a grant (to J.M.R.) which defrayed, in part, the expenses of this 


investigation. 
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THE EFFECTS UPON THE BRONCHIAL MUSCULATURE 
OF ALTERING THE OXYGEN AND CARBON DIOXIDE 
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Roy & Brown (1885) showed that, in dogs, asphyxia could cause broncho- 
constriction or bronchodilatation, but they did not localize the origin of these 
effects. Evidence that changes in gaseous composition of the blood influences 
the bronchial musculature by a central mechanism was first obtained by 
Einthoven (1892). He found that, in dogs, inhalation of high concentrations 
of carbon dioxide caused bronchoconstriction which was abolished by section 
of the vagus nerves. This was confirmed, in cats, by Dixon & Brodie (1903), 
although in one experiment they found that section of the vagus nerve on the 
same side as the lung lobe from which they were recording bronchomotor 
responses did not entirely abolish the bronchoconstrictor response to inhala- 
tion of carbon dioxide. They concluded that there might be both a central and 
peripheral effect. In the light of more recent work, it is possible that the 
lung lobe still received a vagal innervation from the contralateral side, since 
it has been shown that there is a considerable crossed vagal innervation of the 
lungs in the dog (Braeucker, 1926; I. de B. Daly & Hebb, 1942), and cat 
(Dixon & Ransom, 1912; Daly & Mount, 1951). In one experiment, Einthoven 
(1892) found that inhalation of nitrogen caused bronchoconstriction. 

Using the technique of perfusing the isolated head connected with its trunk 
only by the cervical vagosympathetic nerves, Houssay & Cruciani (1929) found 
that central anaemia caused bronchoconstriction in the trunk of the recipient. 
This was confirmed by Daly & Schweitzer (1952) using a similar technique, 
but a different method of recording bronchomotor responses. Intracarotid 
injections of blood containing a low oxygen content but a normal carbon 


* Markle Foundation Scholar in Medical Science. On leave from the Department of Pharma- 
cology, University of Pennsylvania Medical School, Philadelphia. 


4 

« 

| 

4 
5 

a 


CENTRAL BRONCHOMOTOR RESPONSES 293 


dioxide content also causes bronchoconstriction due to a central mechanism 
(Daly & Schweitzer, 1952). 


These findings strongly suggest that the bronchial musculature is under 
a central control, although the results of some of the earlier workers do not 
exclude the participation of reflexes from the carotid sinus region. 

In the present investigation, we have perfused the brain of the dog in situ 
to study the bronchomotor effects of altering the gas tensions of the blood 
passing through it. The advantage of the technique used is that the oxygen 
and carbon dioxide tensions can be altered independently. No attempt has 
been made to localize the part of the brain responsible for bringing about the 
observed responses, but the evidence which will be presented leaves no doubt 
that the effects are central in origin. It has been shown that they are all 
mediated through the vagus nerves, and it is therefore generally assumed that 
such effects are due to an action on the vagus centre in the medulla. Some of 
our results have already been reported (Daly, Lambertsen & Schweitzer, 
1952). 

METHODS 


Dogs, varying in weight from 7-5 to 15-1 kg, were anaesthetized with either chloralose (0-1 g/kg 
body weight, intravenously), sometimes preceded by morphia (2 ‘mg/kg body weight, sub- 
cutaneously), or pentobarbitone sodium (Nembutal) (45 mg/kg body weight, intraperitoneally). 

The animals were artificially ventilated by means of a Starling ‘Ideal’ pump and the chest was 
opened in the mid-sternal line. The expiratory side of the pump was connected by a tube, the end 
of which was immersed 1-3 cm under water thus preventing complete collapse of the lungs during 
expiration (Fig. 1, a,). The lungs were ventilated with 100 % oxygen throughout the experiment. 
For this purpose the input side of the pump was connected to a cylinder of O,; the flow was 
regulated to keep a breathing bag expanded at a pressure of 2-3 mm water maintained by the 
water valve, b. The inspired air was warmed by passing the tubing through a water-bath 
maintained at 37° C. 

The brain was perfused by means of a Dale & Schuster (1928) pump, using the animal as the 
blood ‘reservoir’ to supply the pump (I. de B. Daly & Duke, 1948; Gaddum, Peart & Vogt, 
1949). A cannula was inserted into each auricle through the auricular appendix and connected to 
the three-way taps 7, and 7’, on the input side of the pump chamber; the output side was 
connected to cannulae, pointing rostrally, inserted into either the common carotid or the vertebral 
arteries near their origin from the subclavian arteries. After filling the pump with blood, perfusion 
was begun from the left auricle. The blood, before entering the cannulae, passed through a jacketed 
glass coil (c,) maintained at 37° C by water circulated from the thermostatically controlled water- 
bath. The temperature of the inflowing blood was measured by a thermometer. The perfusion 
pressure was measured by means of a mercury manometer. By turning taps 7’, and 7’, so as to 
put the input side of the pump in communication with the right auricle, mixed venous blood 
could be perfused through the brain. The perfused blood was returned to the right heart through 
the normal venous channels. 

Certain precautions were taken to ensure that the perfusing blood was diluted as little as 
possible, on its passage through the brain, with blood from other sources. When perfusion was 
carried out through the vertebral arteries, the carotid blood was prevented from reaching the 
brain by ligature of the internal and external carotids, occipital and ascending pharyngeal 
arteries on both sides. Likewise, when perfusion was carried out through the common carotid 
arteries, both vertebral and external carotid arteries were ligatured. The considerable spinal 
contribution to the blood supply of the brain of dogs (Hill, 1896; Evans & Samaan, 1936; 
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Chungcharoen, Daly, Neil & Schweitzer, 1952) was eliminated as far as possible by adjusting the 
output of the pump so that the perfusion pressure was 30-80 mm Hg higher than the systemic 
blood pressure. To prevent carotid sinus and carotid body reflexes, both carotid sinus nerves were 
cut in nearly all experiments. The blood was rendered incoagulable by heparin (‘Liquemin’, 
Roche Products Ltd.) (7-6 mg/kg). 


PAP Dog 2 


Fig. 1. Method of perfusing the brain. For details see text. a,, a,, water valves allowing slight 
positive expiratory pressure; 5, breathing bag and water trap for delivery of 100 % O, to 
input of Starling ‘Ideal’ pump; c,, c,, warming coils; d, connexion to Dale-Schuster pump; 
e, outer blood reservoir; f, inner blood reservoir; g, side tube; 4, connexion to respiratory 
constant pressure device and overflow recorder for measuring bronchomotor responses 
(method of Konzett & Réssler, 1940); m, manifold for Douglas bags; S, Starling ‘Ideal’ 
pump; 7,, 7, three-way glass taps; B.P., systematic blood pressure, and p.P., vertebral 
perfusion pressure, measured with mercury manometers; P.a.P., pulmonary arterial pressure 
measured with saline manometer. Through taps, 7, and 7’,, arterial blood perfusing the 
brain from the left auricle may be changed for mixed venous blood from the right auricle or 
for blood equilibrated with various gas mixtures in the isolated perfused lungs. 


In some experiments the oxygen and carbon dioxide tensions of the blood perfusing the brain 
were altered independently using the isolated perfused lungs of a second dog as an equilibrator. 
These dogs varied in weight from 6-5 to 13 kg and were bled to death from the femoral artery 
under local anaesthesia and either pentobarbitone sodium (Nembutal) (15 mg/kg body weight, 
intraperitoneally) or morphia (2 mg/kg body weight, subcutaneously). Heparin (7-6 mg/kg) was 
injected into the femoral vein before bleeding. After ligation of the superior and inferior venae 
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cavae and the vena azygos, the lungs were perfused in situ at a constant blood volume inflow, 
through the pulmonary artery. Blood from the left auricle was returned to the bottom of the 
water jacketed inner reservoir f (capacity 75 ml.), spilt over into the large reservoir e, and was 
then returned to the pulmonary pump (Fig. 1). A second tube from the bottom of the inner 
reservoir conveyed blood to the input side of the brain perfusion pump through taps 7’, and 7',. 
The pulmonary arterial pressure was measured with a vertical saline manometer. Lung blood 
flows were 150-450 ml./min at 20-25cm saline pressure. Water was circulated through the 
warming coil, ¢,, and through the inner reservoir (f) from the water-bath maintained at 37° C. 
The large reservoir and pulmonary pump were also immersed in the bath. 

The isolated lungs were ventilated by means of a Starling ‘Ideal’ pump; a positive pressure 
during the expiratory phase of respiration of 2-3 cm water was maintained by the water valve a,. 
The inspiratory side of the pump was connected with a manifold m to which were attached 
Douglas bags containing various mixtures of oxygen, carbon dioxide and nitrogen. Ten minutes 
were allowed for equilibration of the blood. Before the brain perfusion was switched over to blood 
from the inner reservoir, the blood remaining in the tube between tap 7’, and the inner reservoir 
from the previous test was replaced with newly equilibrated blood through tube g. The blood in 
the tube of tap 7', was displaced by turning tap 7’, to communicate with the inner reservoir for 
a few seconds. After an interval of 1 min (the time required for that blood to have passed through 
the brain), the next test could be carried out. Thus, in these experiments, arterial blood perfusing 
the brain from the left auricle (dog 1) could be changed to mixed venous blood from the right 
auricle or to blood from the perfused lungs’ which had been equilibrated with the desired gas 
mixture. 

Systemic blood pressure was recorded from the left common carotid or the femoral artery by 
means of a mercury manometer. The right common carotid artery was connected to a blood- 
pressure compensator similar to that described by Roberts (1921), but modified according to 
Daly & Schweitzer (1952). Such a device was necessary when perfusing the brain with blood from 
the inner reservoir; the blood entering the dog at a rate of 85-120 ml./min did not then cause 
a rise in blood pressure and hence reflex bronchomotor effects through the aortic nerves (Daly & 
Schweitzer, 1951). The compensator was emptied at intervals and the blood replaced in the large 
reservoir 

In these experiments, a third dog was used to provide extra blood for the reservoirs and blood- 
pressure compensator. It was bled under the same conditions as the dog used for the preparation 
of the isolated lungs. 

In all experiments, the bronchomotor responses were measured by the method of Konzett & 
Réssler (1940); the constant positive inflationary pressure varied from 8 to 13 cm water in different 
experiments. The ventilation overflow volume was recorded by means of a piston recorder. Heart 
rate was measured by the method described by Daly & Schweitzer (1950), using a Gaddum drop 
timer (Gaddum & Kwiatkowski, 1938). 

The advantages of passing shed blood through the lungs before being perfused through an organ 
for decreasing the concentration of vasotonins have been stressed previously (see Hebb & Linzell, 
1951). The formation of vasotonins can be further minimized by preventing blood from becoming 
stagnant in reservoirs. This led us to incorporate the small reservoir in the isolated lung-perfusion 
circuit so that the blood in it is continually circulating and being renewed. It has the added 
advantage that the time needed to equilibrate blood with gas mixtures is less than if only one 
large reservoir had been used. 

Blood analysis. During the course of the experiments, blood samples were taken from the left 
and right auricular tubing (dog 1) and from the tubing connecting tap 7’, with the inner reservoir 
during the various tests. They were collected in 5 ml. glass syringes and stored in crushed ice 
pending analysis. 

The carbon dioxide and oxygen contents of the blood were determined manometrically by the 
method of Van Slyke & Neill (1924). In most instances only a single analysis was performed on 
a blood sample, this being considered adequate for our purposes. Determinations were completed 
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within 6 hr of withdrawal of the blood specimens. Single determinations of the haemoglobin 
concentration were made photometrically as cy th globin (Drabkin & Austin, 1935) with 
a Hilger Spekker photoelectric absorptiometer using, as reference standard, a 

globin solution prepared from blood, the oxygen capacity of which had been determined by 
& manometric method of Van Slyke & Neill (1924). Oxygen capacity was calculated from the 
haemoglobin concentration on the assumption that 1g haemoglobin combines with 1-34 ml. 


oxygen. 

Estimations of blood pH were performed anaerobically in duplicate at room temperature 

(18-21° C) with a MacInnes-Belcher glass electrode and a Marconi type TF 717 pH meter. The 

was standardized before each determination by means of phosphate buffers of pH 7-20 
and 7-40 at 20°C. Measurements of blood pH at ambient temperatures were completed within 
4 hr after sampling and were converted to the corresponding values of 37° C by the temperature 
coefficient of Rosenthal (1948). 
pH, haemoglobin content and percentage oxygen saturation of whole blood by means of the 
nomograms of Van Slyke, Sendroy & Lui (1932) and Van Slyke & Sendroy (1928). 

Cardiac output determinations. In the course of a few experiments, cardiac output determina- 
- tions were made according to the direct Fick principle before and after opening the chest in the 
mid-sternal line. Arterial blood samples were taken from the femoral artery and mixed venous 
blood samples from a cannula in the right auricle. In the determinations carried out before the 
chest was opened, a glass cannula was inserted into the right auricle through the right external 
jugular vein; after opening the chest, the samples were drawn directly from the cannula inserted 
into the right auricular appendix. Simultaneously, oxygen consumption was measured with 
a small bell spirometer in a closed circuit respiratory system in which carbon dioxide was absorbed 
by soda-lime. After the chest was opened the same method was used, artificial respiration being 
carried out under negative pressure ventilation applied to the whole animal. 


RESULTS 

Experimental conditions of the preparations. When the surgical procedures 
were finished and perfusion of the brain begun, blood samples were taken from 
the left and right auricles and analysed for their oxygen and carbon dioxide 
contents. According to Stewart (1924) the normal range of arteriovenous 
oxygen differences in dogs is 2-67—5-64 ml./100 ml., and of carbon dioxide 
0-45-8-16 ml./100 ml. We have found in our experiments much higher arterio- 
venous differences which are summarized in Table 1. Despite the fact that the 
gaseous composition of the arterial blood is normal, the venous blood returns 
from the tissues much more reduced than normal. This must indicate 
that cardiac output is very small and/or a certain degree of peripheral cir- 
culatory failure exists in these experiments. The blood pressure is always well 
maintained and therefore any peripheral circulatory failure must be post- 
arteriolar. 

In two experiments, we have therefore determined the cardiac output by 
the direct Fick method at two different stages of the operative procedure. The 
first determination was carried out after tracheotomy had been performed and 
both carotid sinus regions dissected; the second was made after opening the 
chest in the mid-sternal line and removal of both adrenal glands. The animals 
were breathing spontaneously during the first determination, and artificial 
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respiration under negative pressure as applied to the whole animal was carried 
out during the second. The latter conditions facilitate measurement of O, 
consumption in open chest preparations and can be considered comparable to 
experiments carried out under positive pressure ventiliation as the physio- 
logical effects of these two forms of artificial respiration can be considered the 
same (Maloney & Whittenberger, 1950; Whittenberger & Sarnoff, 1950). The 
results show that the cardiac output fell by 35-5 and 46 % respectively in the 
two experiments accompanied by an increase in the arteriovenous oxygen 
differences. 

Further experiments have shown that quantitatively similar changes in 
arteriovenous oxygen difference and cardiac output can occur when positive 
pressure respiration is applied to animals breathing spontaneously. It would 
appear, therefore, that the major cause of these changes is the application of 
pressure breathing rather than the trauma associated with opening the chest 
in the mid-sternal line. However, further progressive increases in the arterio- 
venous oxygen and carbon dioxide differences are probably due to a combina- 
tion of several factors—positive pressure breathing (Beecher, Bennett & Bassett, 
1943; Carr & Essex, 1946; Maloney, Affeldt, Sarnoff & Whittenberger, 1951), 
trauma due to the extensive surgical procedures and a certain loss of blood 
through oozing under heparin (Henderson, 1910; Aub & Cunningham, 1920; 
Root, Walcott & Gregersen, 1947). 

In five out of six experiments the isolated perfused lung preparations 
remained in good condition for periods up to 4 hr with no evidence of pul- 
monary oedema. In the sixth (Expt. 17), one lobe of the right lung did not 
ventilate well throughout the experiment, and towards the end, the lungs were 
collapsing poorly although there was no evidence of oedema fluid in the trachea 
or larger bronchi. In two out of a total of eighteen dogs whose brains were 
perfused, oedema was evident in the trachea within 1 hr of beginning the 
perfusion. 

Effects of perfusing the brain with mixed venous blood 

When the brain is perfused through the common carotid arteries, with the 
vertebral arteries occluded, changing the perfusion from left auricular blood to 
mixed venous blood from the right auricle causes bronchoconstriction (Fig. 2). 
This effect was observed in twenty-nine tests in seven experiments. In the 
majority of tests, the switch-over was maintained for periods of 1-2 min. It 
should be noted that in all our experiments there is a certain time lag between 
the switch-over and the onset of the response. This is due to the dead space in 
the pump and connexions (approx. 40 ml.) and therefore represents the time 
taken for the new blood to traverse it. In a (Fig. 2), both carotid sinus nerves 
were intact, so that the participation of carotid body reflexes in this response 
cannot be excluded although if due entirely to them, bronchodilatation would 
be expected (Daly & Schweitzer, 1951). Section of the carotid sinus nerve on 
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both sides may apparently abolish the bronchoconstrictor effect of mixed 
venous blood (6). This was found to be due not to the abolition of a reflex from 
the carotid sinus regions, but to an haemodynamic effect: if the perfusion 
pressure is set at the same level as the systemic blood pressure, then section of 
the carotid sinus nerves causes a reflex rise in the blood pressure to a level 
above that of the carotid perfusion pressure. This prevents the perfused blood 
reaching that part of the brain responsible for the responses in an adequate 


Fig. 2. Dog, g, 7-5 kg. Chioralose. Respiratory pump stroke, 130 ml. Perfusion of the brain 
through the common carotid arteries with blood from the left auricle. Eserine 0-15 mg. 
Vertebral arteries occluded. a—e show bronchomotor effects caused by perfusing the brain with 
mixed venous blood from the right auricle. Between a and 6, both carotid sinus nerves were 
cut. The systemic B.P. was then lowered between } and c, by removal of 30 ml. blood from the 
femoral artery. The vertebral arteries were released between c and d, and re-occluded between 
d and e. The records illustrate the necessity of maintaining the carotid perfusion pressure 
higher than the blood pressure and of excluding vertebral blood in order that the perfused 
blood may reach the brain in adequate concentration. In this and in subsequent figures: 
v.0.V. = ventilation overflow volume; L.a.P. =left auricular pressure; P.P. = perfusion pressure 
(carotid or vertebral); B.r. = blood pressure; =heart rate. 


concentration. If the blood pressure is then lowered slightly, by bleeding to 
a level just below that of the perfusion pressure, bronchoconstriction again 
results from changing the perfusion from arterial to mixed venous blood (c). 
This illustrates the necessity of maintaining the perfusion pressure at a level 
higher than the blood pressure in this type of preparation. As the vertebral 
arteries were occluded, it is probable that the spinal blood was responsible for 
diluting the perfusion blood, since, as stated previously, its contribution to 
the blood supply of the brain of the dog is considerable. A similar effect can be 
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produced by the vertebral blood flow. Changing the perfusion from arterial to 
mixed venous blood after releasing the vertebral arteries causes a considerable 
reduction in the bronchomotor response (d) which reappears again on occluding 
the vertebral arteries (e). 

Eleven experiments have been carried out in which perfusion of the brain 
was made through the vertebral arteries cannulated near their origin from the 
subclavian arteries. Responses of the bronchial musculature to changing the 
perfusion from arterial to mixed venous blood are the same as those obtained 
when perfusion was made through the common carotid arteries (Fig. 3). 
Bronchoconstrictor effects were observed in twenty-seven tests, a reduction in 
tidal air up to 12% being obtained. In a few experiments, there was a con- 
comitant reduction in heart rate, although this was not always very marked 
(Fig. 5, 1.82 p.m.). This is probably due to stimulation of the vagus centre. 
The bronchoconstriction is well maintained if perfusion of the brain with 
mixed venous blood is prolonged. Fig. 4 (c) shows the effect of continuing the 
perfusion for 5 min; changing the perfusion back to arterial blood from the 
left auricle then releases the bronchoconstriction. 

It has been shown that the bronchomotor responses to perfusing the brain 
with mixed venous blood are little modified by section of the sympathetic 
nerves innervating the lungs. It would seem, therefore, that alterations in 
sympathetic tone produced by a central mechanism play a minor part in 
bringing about these responses. They are, however, abolished by section of the 
cervical vagosympathetic nerves (three experiments) and by the intravenous 
injection of atropine (seven experiments) (Figs. 3 and 4). In three out of four 
experiments, small doses of eserine (20ug/kg eserine sulphate, B.D.H.) 
potentiated the bronchoconstrictor responses, while in one further experi- 
ment the response was only present after previous injection of eserine. 

In many respects, these perfusions through the vertebrals gave more 
consistent results than those carried out through the carotid arteries as slightly 
larger blood flows were obtained, and from the anatomical arrangements 
of the blood vessels, it would seem probable that less mixing of the perfusion 
blood with blood from the spinal arteries takes place. Some support for this 
has been obtained by injecting indian ink into the inflow tubing to the verte- 
bral arteries and then, 5-8 sec later, simultaneously tying a stout ligature 
round the atrioventricular groove of the heart and switching off the perfusion 
pump. Dissection of these specimens showed indian ink in all parts of the 
brain and spinal cord to a level of C6, the occipital and cervical muscles and 
parts of the mouth. These perfused regions are essentially the same as those 
found by Schmidt (1928) who also perfused the cerebral vessels through the 
vertebrals after tying off the common carotid arteries. 

Effect of altering the perfusion pressure. In most experiments, a fall in 
perfusion pressure occurs on perfusing the brain with mixed venous blood. 
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Since the blood volume inflow is constant, this must be due to a reduction in 
peripheral resistance. It has been shown previously that the vagus centre 
is not in itself sensitive to changes in pressure when the heart rate is used as 


2.10 p.m. 
Fig. 3. Dog, g, 11-25 kg. Nembutal. Adrenalectomized. Respiration pump stroke, 175 ml. 
Carotid circulation tied off. Both carotid sinus nerves sectioned. Adrenaline infusion 
20 »g/min. Perfusion of brain through the vertebral arteries with blood from the left auricle 
(pO, 100+, pCO, 45 mm Hg, pH 7-37) begun at 1.35 p.m. At 2.10 and 2.49 p.m., perfusion 
of the brain with blood from the right auricle (pO, 22, pCO, 53 mm Hg, pH 7:28). 
At 2.45 p.m., atropine, 5 mg, injected intravenously. 


the indicator (Heymans, Bouckaert & Moraes, 1932). Varying the pressure 
from 60 to 210mm Hg by altering the output of the pump does not cause any 
change in heart rate or in the ventilation overflow volume. In our preparations 


= 
‘4 
¥ 
4 
a 
* 4 
is ; 
ir 
4 
| 


302 M. DE BURGH DALY AND OTHERS 


the vertebral or carotid perfusion pressure cannot be lowered below 60 mm Hg 
(approx.), even with the pump switched off, owing to the back-flow from the 
spinal arteries (Chungcharoen e¢ al. 1952). Similar tests were carried out when 
the brain was being perfused with mixed venous blood instead of arterial blood. 
Lowering the perfusion pressure from its pre-set level of about 160 to 60 mm Hg, 


Fig. 4. Dog, 3, 9 kg. Chloralose. Respiration pump stroke, 165 ml. Both carotid sinus nerves 
cut. Carotid circulation tied off. Perfusion of the brain through the vertebral arteries with 
blood from the left auricle. a—d show the effects of changing the perfusion to mixed venous 
blood from the right auricle. Between a and b, eserine, 0-15 mg intravenously. Between 
and d, atropine, 5 mg intravenously. 

causes release of the bronchoconstriction. We interpret this as being due to 
a progressive dilution of the perfused blood with spinal arterial blood as the 
pressure is reduced and not to a pressure effect on the vagus centre. This 
phenomenon has already been referred to above. The fall in perfusion pressure 
will therefore have no direct influence on the vagus centre other than by 
altering the amount of mixing of perfusion blood with blood from the spinal 
arteries. 

In some experiments, changes in movements of the ribs were recorded in 
response to changing the gaseous composition of the blood perfusing the brain. 
An increase in movements due to stimulation of the respiratory centre usually 
occurs when arterial blood is changed for mixed venous blood. The con- 
comitant changes in ventilation overflow volume might therefore be con- 
sidered to be a mechanical effect on the lungs due to movements of the thorax. 
However, this appears unlikely as the changes in ventilation overflow volume 
did not bear any relationship to the changes in rib movements (Fig. 2). 
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Further, when slightly hyperventilating the animal so as to abolish rib 
movements, bronchoconstrictor responses to changing the perfusion from 
arterial to mixed venous blood still occur. 

In a few experiments, the pressure in the left auricle has been simultaneously 
recorded by means of a volume recorder connected to the open end of a vertical 
saline manometer (McDowall, 1922). The pressure changes observed have not 
been greater than 2 cm saline on switching the perfusion from arterial to mixed 
venous blood. Injection of blood into the left auricle at a rate sufficient to 
cause @ similar rise in left auricular pressure did not produce an increase in 
ventilation overflow volume. Furthermore, changes in ventilation overflow 
volume were not always in the same direction as the changes in left auricular 
pressure (Fig. 6). Larger changes than this may cause a diminution in tidal air 
(Drinker, Peabody & Blumgart, 1922; Bulbring & Whitteridge, 1945), 
although effects on the ventilation overflow volume, using the method of 
Konzett & Réssler (1940), are not evident in isolated perfused dog lungs until 
the left auricular pressure is raised by 6-9 cm saline (Daly, 1951, unpublished 
observations). 

Since bronchomotor responses to mixed venous blood perfusion were 
abolished by atropinization and by vagotomy, we are confident that lung blood 
volume changes are not wholly responsible for the records obtained, parti- 
cularly as such changes must still occur after these experimental procedures 
due to redistribution of blood from the systemic circulation. 

From the evidence so far presented, it might appear conclusive that the 


bronchomotor responses are due to a direct central action of the perfused blood. © 


Two other possible explanations, however, must be taken into consideration. 
Alteration in cerebral blood gas composition such as that produced by cerebral 
anaemia causes the secretion of adrenaline. It has been shown by Viale(1928, 
1930) and by Stella (1932) that adrenaline may modify the vasomotor reflexes 
from the baroreceptors by an action on the medullary centres. Thus, in our 
own experiments, the bronchomotor responses could be due to a modification 
of the normal aortic baroreceptor discharge by a similar mechanism. That this 
is not so has been shown in preparations in which both the suprarenal glands 
were removed; in three experiments, quantitatively similar responses to 
perfusing the brain with mixed venous blood were observed (Fig. 3). 

A possible reflex effect by an action on chemoreceptors in the lungs, 


postulated by Pi-Suner (1947), due to change in gas tensions in the blood 


returning to the right heart from the brain has also been excluded. Tests 
carried out by perfusing the right side of the heart through the right auricle 
with either anoxic or hypocapnic blood at the same blood volume inflow as 
that which was used to perfuse the brain have not produced any bronchomotor 
effects. 

It is clear, therefore, that’ the bronchomotor responses observed on per- 
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fusing the brain with mixed venous blood are central in origin and mediated 
through the vagus nerves. Experiments were then designed with a view to 
analysing the effect of mixed venous blood by altering the oxygen and carbon 
dioxide tensions of the blood perfusing the brain separately. 


Effects of altering the oxygen and carbon dioxide tensions of the blood 
perfusing the brain 
| Five experiments were carried out in which the effects were observed of 
| changing the composition of the blood perfusing the brain from arterial blood 
to blood equilibrated in the isolated perfused lungs of a second dog with 
various gas mixtures (Fig. 1). The usual procedure was first to observe the 
response to switching over to right auricular blood, and then to perfusing the 
brain with blood equilibrated with a mixture of O, and 5 or 6 %CO,. Blood 
equilibrated in this way had oxygen and carbon dioxide tensions practically 
the same as those of arterial blood of the dog with only small differences in the 
pCO, in two of the experiments. Thereafter, tests were made in which the 
oxygen and carbon dioxide tensions of the blood were varied independently. 
The brain was perfused with arterial blood from the left auricle, and the 
individual tests were made by switching over to the inner reservoir f (Fig. 1) 
for periods of 1-2 min after which the perfusion was switched back again to 
left auricular blood (Table 2). The gas tensions and pH of the blood of the 
individual tests should therefore be compared with those of the left auricular 
blood. 

Perfusion with equilibrated arterial blood. In each experiment tests were 
made with blood equilibrated with a mixture of 0, and 5 or 6% CO,. In 
Expt. 17 (Table 2) no bronchomotor effect resulted, despite the fact that the 
| pCO, of the equilibrated arterial blood was lower than that of the left auricular 
| blood. The high arterial pCO, was in all probability due to the animal being 
t underventilated. Of the other four experiments, a small increase in the 
ventilation overflow volume was noted in two of them (Expts. 18 and 19) 
where a large difference existed between the pCO, of the equilibrated blood and 
that of the left auricular blood. As it has been shown that an increase in 
carbon dioxide tension causes bronchoconstriction, the slight effects observed 
in these two experiments can be explained on this basis. It is concluded, 
therefore, that when blood is equilibrated with a gas mixture to give similar 
4 oxygen and carbon dioxide tensions as exist in the arterial blood of the test 

) dog, no bronchomotor effect results. This rules out the possibility that the 
responses obtained by perfusing the brain with ‘shed’ blood are due to 
circulating vasotonins or bronchotonins (I. de B. Daly, 1938). 

Perfusion with anoxic and hypercapnic blood. When blood is equilibrated 

with a mixture of 5%0O, and 10% CO, and perfused through the brain, 
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bronchoconstriction occurs (four tests in four experiments). These results are 
the same therefore as those obtained with mixed venous blood. 

Perfusion with anoaic blood. Perfusion of the brain with blood equilibrated 
with gas mixtures containing 5 % O, and 5 or 6 % CO, causes bronchocon- 
striction. This response was obtained in six tests in four experiments (Fig. 5, 
1.46 p.m. and Table 2). In one further test (Expt. 18) no response was observed. 
It will be noted that the pO, was 64 mm Hg, whereas in the other tests, the 


1.32 p.m. 1.36 1.46 2.11 


Fig. 5. Dog, 3, 11-0 kg. Chloralose. Respiration pump stroke, 160 ml. Both carotid sinus nerves 
sectioned. Carotid circulation tied off. Blood pressure maintained constant with compen- 
sator. Perfusion of the brain through the vertebral arteries with blood from the left auricle 
(pO, 100 +, pCO, 53 mm Hg, pH 7-31) begun at 1.20 p.m. Isolated perfused lungs of a second 
dog (10 kg), bled under Nembutal, was used for the equilibration of blood. At 1.32 p.m., 
change-over to mixed venous blood from the right auricle (pO, 30, pCO, 70 mm Hg, pH 7-10). 
At 1.36 p.m., test with blood equilibrated with 95 % O, and 5 % CO, (pO, 75, pCO, 34 mm Hg, 
pH 7-17). At 1.46 a.m., change-over to anoxic blood equilibrated with 5 % O,, 5 % CO, and 
90 % N, (pO, 43, pCO, 30 mm Hg, pH 7-23). At 2.11 p.m., change-over to hypercapnic blood 
equilibrated with 90 % O, and 10 % CO, (pO, 95, pCO, 90 mm Hg, pH 6-88). 


tension was lower, 33-43 mm Hg (Table 2). These results confirm those 
obtained previously in experiments in which anoxic blood, injected into the 
common carotid artery, caused bronchoconstriction (Daly & Schweitzer, 1952). 

Perfusion with hypercapnic blood. Blood equilibrated with a mixture of 
90 % O, and 10 % CO, in the isolated perfused lungs caused bronchocon- 
striction when perfused through the brain (Fig. 5). This result was obtained in 
six tests in four experiments. In one experiment (Expt. 20) no effect occurred 

PH. OXIX. 20 


—— 


} 
‘ 
4 
$ 
¢ 
4 ‘ 
4 a 
¢ 
§ 
2 
" 


of a second dog. The brain was perfused with blood from the left auricle, the oxygen and carbon dioxide tensions and pH of which are given below. Each test was carried 


TABLE 2. The effect of perfusing the brain with mixed venous blood from the right auricle and with blood equilibrated with various gas mixtures in the isolated perfused lungs 
out for a period of 1-2 min after which the perfusion is switched back to blood from the left auricle. 


18 


17 


Expt. no. 


Hi 


828 


see 
His gee 


# 


The figures given for Expt. 17 suggest that some parts of the isolated perfused lung were not being ventilated. C =bronchoconstriction; D =bronchodilatation; 3}. slight. 


B.R. = bronchomotor response, 
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as the pCO, of the perfused blood was only 40 mm Hg, probably through an 
error in preparing the gas mixture. Traube (1865) first showed that excess CO, 
caused stimulation of the vagus centre, and in two of our own experiments, 
there was a concomitant bradycardia (Fig. 5, 2.11 p.m.). Thus blood containing 
a raised carbon dioxide tension, and with it a diminished pH, stimulates the 
vagus centre causing bronchoconstriction and bradycardia. 


L39p.m. 2.48 253 

Fig. 6. Dog, 9, 11-3 kg. Chloralose. Respiration pump stroke, 180 ml. Both carotid sinus nerves 
sectioned. Carotid circulation tied off. Perfusion of the brain through the vertebral arteries 
with blood from the left auricle begun at 1.12 p.m. Isolated perfused lungs of a second dog 
(13 kg), bled under morphia, was used for the equilibration of blood. At 2.39 and 2.53 p.m., 
perfusion with left auricular blood (pO, 100+, pCO, 22 mm Hg, pH 7-48) changed for blood 
equilibrated with 100 % O, (pO, 100+, pCO, 5 mm Hg, pH 7-64). At 2.48 p.m., atropine, 
5 mg, injected intravenously. 


The bronchoconstrictor effects produced by perfusing the brain with either 
mixed venous, anoxic and hypercapnic, anoxic or hypercapnic blood are 
abolished by atropine (four experiments) and by section of the cervical vago- 
sympathetic nerves (one experiment). Atropine itself, in these four experi- 
ments, caused bronchodilatation, as did section of the cervical vagosym- 


pathetic nerves in the remaining one. 
20—2 
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Perfusion with hypocapnic blood. It has been shown that the vagus exerts 
a tonic influence on the bronchial musculature (Roy & Brown, 1885; Chauveau, 
1889; Daly & Mount, 1951) which is maintained, in part, by baroreceptor 
activity (Daly & Schweitzer, 1952). Since it has been shown in the present 
investigation that an increase in the carbon dioxide tension of the blood 
perfusing the brain causes bronchoconstriction, it was wondered if the normally 
existing tone would be influenced by a diminution in carbon dioxide tension. 

Blood was equilibrated with atmospheric air in one experiment and with 
100 % O, in four others and perfused through the brain. In seven tests in the 
five experiments, changing the perfusion from left auricular blood to hypo- 
capnic blood resulted in bronchodilatation (Fig. 6, 2.39 p.m. and Table 2). 
If now the tone is abolished by the injection of atropine or by section of the 
cervical vagosympathetic nerves, no further bronchomotor effect is observed 
(2.53 p.m.). The initial response in two other tests were negative. Other 
experiments have shown that bronchodilator responses occur in preparations 
in which the sympathetic nerves innervating the lungs have been eliminated 
(excision of the stellate ganglia and sympathetic chains as far as T5) and both 
adrenal glands removed. They must therefore be due mainly to a diminution 
of vagus tone. 

It will be noted that in Expt. 17, a bronchodilator response occurred despite 
the oxygen tension of the blood being as low as 46 mm Hg. The low pO, was 
probably due to the poor condition of the isolated perfused lung in this 
experiment. Nevertheless, it shows that the bronchodilator effect of the low 
pCO, predominates over the bronchoconstrictor effect of the low pO,. In one 
other experiment, a test was carried out in which the blood was equilibrated 
with a mixture of 5 % O, in nitrogen. When this blood was perfused through 
the brain, a slight bronchoconstriction resulted, so that the pO, which was 
slightly lower than in the above experiment just antagonized the broncho- 
dilator effect of the low pCO, (Table 2). That tone was in fact present in this 
experiment was shown by a subsequent injection of atropine which caused 
bronchodilatation. The experiments illustrate, therefore, that both low pO, and 
low pCO, produce central antagonistic effects. The evidence for the effects of 
oxygen lack and carbon dioxide excess summating due to a central action is 
suggestive but less convincing (Fig. 5). 


DISCUSSION 


We have shown that changes in bronchial tone occur when the oxygen and 
carbon dioxide tensions of the blood perfusing the brain are altered. If the 
blood perfusing the brain is changed from arterial to mixed venous composition, 
bronchoconstriction results; an analysis shows that this effect is due to both 
the diminished oxygen tension and raised carbon dioxide tension of the blood. 
In some experiments, there was a concomitant bradycardia. Perfusion of the 
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brain with hypocapnic blood causes bronchodilatation. Both, the broncho- 
constrictor and bronchodilator effects have been shown to be mediated mainly 
through the vagus nerves and must therefore be brought about through 
alterations in vagus tone. 

We are not in a position to state which part of the brain is responsible for the 
observed effects as the regions perfused included the whole brain and upper 
part of the spinal cord. 

Cerebral anaemia causes bradycardia (Neujean, 1904; Heymans & Ladon, 
1925) and bronchoconstriction (Houssay & Cruciani, 1929; Daly & Schweitzer, 
1952), both these effects being abolished by section of the vagus nerves. Excess 
carbon dioxide stimulates the vagus centre, again causing bradycardia (Traube, 
1865; Hill & Flack, 1908) and bronchoconstriction (Einthoven, 1892; Dixon & 
Brodie, 1903). The results of the present investigation confirm the mai con- 
clusions of the last-mentioned workers and show further that anoxic blood 
causes & similar bronchomotor effect by a central action. Moreover, by main- 
taining the oxygen tension normal and reducing the carbon dioxide tension of 
the blood perfusing the brain, bronchodilatation results; hypocapnia also 
causes tachycardia due to a diminution of vagus tone (Bainbridge, 1920; 
Heymans, 1929). Thus the results we have obtained from a study of central 
effects of anoxia, hypercapnia and hypocapnia upon the bronchioles agree 
with those of other workers studying the same effects on the heart rate and 
suggest that, in both cases, the effects are probably due to an action on the 
vagus centre. We hesitate, in the absence of any evidence, to postulate 
separate cardio-inhibitory and bronchomotor ‘centres’. 

When studying the central effects of changes in blood gas tensions upon the 
vagus and vasomotor tone, Heymans, Bouckaert & Samaan (1934) distin- 
guished two effects: a direct one upon the centres in the absence of impulses 
from the vasosensory areas of the carotid sinus and arch of the aorta, and 
a change of the sensitivity of a carotid sinus and aortic reflex. It could be 
argued that the bronchomotor responses which we have observed are not 
caused by a direct action on the vagus centre per se, but to a central modifica- 
tion of the normal baroreceptor discharge in fibres in the aortic nerves which 
were left intact. This possibility cannot be denied, but whichever view is taken, 


it does not detract from the effects being central in origin. No attempt was — 


made to repeat any of the experiments after section of both the carotid sinus 
and aortic nerves, for not only are the latter nerves difficult to find in the dog 
(Green, Degroat & McDonald, 1935; Daly & Schweitzer, 1952), but even if 
they were sectioned there would remain afferent fibres from other regions 
making connexion with the vagus centre. It is probably impossible, therefore, 
to de-afferentate the vagus centre completely and yet leave the efferent vagus 
fibres to the heart and lungs intact. 

In their investigation of the central effects upon heart rate, Heymans et al. 
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(1934) concluded that only pathological changes in inspired gas concentrations 
would stimulate the vagus centre. An inspection of the figures presented in 
our Table 2 of the changes in cerebral inflow blood gas tensions necessary to 
bring about bronchomotor responses would suggest that they are outside the 
normal physiological range. However, there are two points worth mentioning 
which favour the view that these values are higher than those which might be 
required in preparations under more normal conditions to produce broncho- 
motor responses. The medullary centres are probably partially depressed by 
the anaesthetic and the general circulatory state of our preparations, the cause 
of which has already been referred to earlier in the paper. Moreover, the 
perfused blood may be mixed to a small extent with blood from the spinal 
arteries which would tend to diminish its effectiveness by dilution before 
reaching the capillaries. No attempts have been made to estimate the changes 
in cerebral venous blood gas tensions in these experiments. 

When considering the results of this investigation teleologically, it would 
appear disadvantageous if, under an adverse condition such as asphyxia, 
bronchoconstriction resulted. For a number of reasons, we do not think that 
this argument necessarily holds. The responses which have been observed are 
those elicited from only one part of the organism, namely, the brain. Changes 
in blood gas tension affecting the whole organism, such as are produced by 
altering the inspired air gas tensions will, in all probability, bring into play 
other mechanisms affecting the bronchioles. The bronchial musculature is 
influenced directly by changes in inspired air gas tensions, both oxygen lack 
and excess carbon dioxide causing bronchodilatation (Léhr, 1924; Nisell, 1950; 
Duke, 1951). The same result would be expected from similar changes in blood 
gas tensions acting reflexly through stimulation of the carotid and aortic 
chemoreceptors (Daly & Schweitzer, 1951). These effects, therefore, are 
opposite to those found in the present investigation in response to the same 
directional changes in cerebral blood gas tensions. Concomitant blood 
pressure changes will also influence the bronchioles reflexly through the 
baroreceptors (Daly & Schweitzer, 1951, 1952) while reflex secretion of 
adrenaline may be effective by direct action. In addition, the sensitivity of 
some of the reflexes mentioned may be modified both centrally and/or 
peripherally by changes in blood gas tensions (Vercauteren, 1932; Heymans 
et al. 1934). The bronchomotor responses in the intact animal to changes in 
inspired gas tensions will, therefore, depend on a number of factors, not least 
on the magnitude of the stimulus applied. 

Whatever may be the effects of small changes in blood gas tensions, the 
results of Roy & Brown, Einthoven, and of Dixon & Brodie do suggest that 
profound changes cause bronchoconstriction. Thus, in asphyxia a state might 
be reached whereby the blood becomes so reduced that bronchoconstriction 
occurs, resulting in a further deleterious effect on the organism. Such an effect 


d 
| 
} 
| 


CENTRAL BRONCHOMOTOR RESPONSES 311 


might be expected to occur in the train of events produced by acute poisoning 
due to an anticholinesterase in which asphyxia may be a prominent feature 
through failure of the respiratory mechanism and a varying degree of broncho- 
constriction. Thus a vicious circle would be set up. The experiment illustrated 
in fig. 3 of @ previous paper may be reinterpreted in this light (Daly & 
Schweitzer, 1951). The bronchoconstriction due to stimulation of the carotid 
sinus nerve after an intravenous injection of eserine was so severe that the 
preparation became asphyxiated as indicated by the decreased oxygen uptake, 
rise of blood pressure and the slowing of the heart rate. The gradual onset of 
bradycardia and increasing bronchoconstriction after the electrical stimulus 
would suggest that these effects were primarily of central origin, although 
a reflex contribution to the effects by the blood pressure rise cannot be 
completely ruled out. 

In a previous investigation, we made a study of the reflex control of the 
tone of the bronchial musculature (Daly & Schweitzer, 1952). The technique 


used was to lower the blood pressure in the carotid sinus and aortic regions by © 


subjecting the animals to acute haemorrhage followed by transfusion of the 
blood. Bronchodilatation resulted on lowering the pressure. Under these 
conditions changes in the oxygen and carbon dioxide tensions of the tissues 
might be expected to occur (Hertzman & Gesell, 1927). The possibility of this 
response being central in origin through anaemia was, therefore, ruled out by 
the use of several methods, one of which was to inject blood containing different 
gas tensions into the common carotid artery. Both oxygen lack and the excess 
carbon dioxide caused bronchoconstriction through a central action. These 
findings are fully confirmed by the results of the present investigation. 
Several workers, already cited, have shown that the bronchial musculature 
is tonically innervated by the vagus nerves. We have shown previously that 
this tone is, in part, maintained reflexly by the activity of the baroreceptors 
of the vasosensory areas (Daly & Schweitzer, 1952), and the present experi- 
ments throw further light on the mechanism of its maintenance. Since 
perfusion of the brain with hypercapnic blood causes bronchoconstriction, 
and hypocapnic blood diminishes vagal tone resulting in bronchodilatation, it 
is concluded that the normal carbon dioxide tension of the blood must con- 
tribute to the maintenance of bronchomotor tone by a central action. 


SUMMARY 


1. The central control of bronchomotor tone has been investigated in the 
dog. A technique of perfusing the brain through the common carotid or 
vertebral arteries with either arterial blood from the left auricle or mixed 
venous blood from the right auricle is described. 

2. Changing the perfusion from arterial to mixed venous blood causes 
bronchoconstriction. This response is potentiated by eserine and abolished by 
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atropine, and by section of the cervical vagosympathetic nerves. As the 
carotid sinus regions are denervated, the responses are central in origin. 

3. An analysis of the bronchoconstrictor effect of mixed venous blood has 
been made by changing the perfusion from arterial blood to blood equilibrated 
with various gas mixtures in the isolated perfused lungs of a second dog. 
Passing either anoxic and/or hypercapnic blood through the brain causes 
bronchoconstriction. Hypocapnic blood causes bronchodilatation, an effect 
which is due to a diminution of vagus tone. 

4. It is concluded that the normal carbon dioxide tension of the blood 
contributes to the maintenance of vagal bronchomotor tone. 


We wish to acknowledge the technical assistance given by Mr D. R. Bacon. The work was 
supported in part by an expenses grant from the Medical Research Council to two of us (M. de 
B.D. and A.8.). 
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MEMBRANE POTENTIALS IN THE ELECTROPLATES 
OF THE ELECTRIC EEL 


By R. D. KEYNES* anp H. MARTINS-FERREIRA 
From the Instituto de Biofisica, Universidade do Brasil, Rio de Janeiro 
(Received 20 August 1952) * 


Ever since Walsh (1773) and Williamson (1775) suggested that the paralysing 
effect of touching certain fishes was due to an electric discharge, the properties 
of the electric organ have interested physicists and physiologists alike. It has 
long been recognized that in most species the electric organ is derived from 
muscle (Biedermann, 1898), but the exact way in which it has developed has 
remained in doubt. Several alternative theories have been put forward to 
explain the mechanism of the discharge (Fessard, 1946), but it has been difficult 
to decide between them, because the discharge has hitherto been recorded only 
with externally applied electrodes. Even when fragments of electric organ are 
used, such experiments cannot reveal the precise site of origin—at the cellular 
level—of the potential changes. We have therefore applied the type of internal 
microelectrode first developed by Graham & Gerard (1946), with modifications 
described by Nastuk & Hodgkin (1950), to investigate the membrane potentials 
in the individual electroplates of the electric eel, Electrophorus electricus L. 

Our results, which have already been reported briefly (Keynes & Martins- 
Ferreira, 1952), show that across both faces of the electroplate there is 
normally a resting potential of the same size and polarity as that observed in 
other excitable tissues. During activity a large reversed action potential 
develops across the innervated oe while the potential across the non- 
nervous face remains virtually unaltered. Preliminary studies of the effects 
of factors such as the external sodium concentration on the sizes of these 
potentials suggest that they are produced by mechanisms similar to those 
responsible for the propagated impulse in nerve and muscle fibres. Considered 
in conjunction with the recent work of Fatt & Katz (19512) on the motor end- 
plate, our experiments throw some light on the nature of the adaptation which 
has occurred in the electric organ. 


* Present address: Physiological Laboratory, University of Cambridge. 
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METHOD 


As Fig. 3 shows, the electric organ is built up of a large number of electroplates, 
arranged in layers so that the potentials produced during activity are additive. 
It was difficult to cut slices of electric organ consisting of less than about three 
layers of electroplates, so that during the discharge the spaces between the 
layers did not remain at the potential of the surrounding fluid. The potential 
recorded between the tip of a single microelectrode and an indifferent non- 
polarizable electrode was hence not a reliable measure of the membrane 
potential. We therefore used two microelectrodes which could be manoeuvred 
independently, and determined the difference in potential between their tips, 
with the help of a direct-coupled differential pre-amplifier. 


Material 

Specimens of Electrophorus, varying in length between 0-4 and | m, were obtained from the 
Amazon region, and were kept at the laboratory in a shallow tank of fresh water. As long as the 
temperature was not allowed to fall below about 25° C, they survived very well. Each set of 
experiments necessitated the sacrifice of one fish, which was decapitated and then cut up into 
segments about 6 om long. The segments were skinned, and the swimming muscles and Hunter’s 
organ (see Fig. 3) were removed, leaving lumps of almost pure electric tissue, which were stored 
in Ringer’s solution at room temperature. Immediately before making the measurements, the 
segment was sliced transversely, using a razor blade. The slices were roughly heart-shaped, and 
about 5 mm thick. 

A few of the eels had been given injections of heparin about an hour before decapitation, in order 
to provide material for perfusion experiments (Chagas, Couceiro & Martins-Ferreira, 1951) which 
were being done simultaneously. This treatment had no detectable effect on the behaviour of their 
electroplates. 

Apparatus 


A diagram of the experimental lay-out is shown in Fig. 1. The microelectrodes were attached to 
probes containing R.C.A. Type 954 acorn pentodes connected as cathode-followers. One probe 
was mounted on a Zeiss micromanipulator, and the other on the vertical movement of a modified 
microscope stand. The cathode-follower circuit was identical, except for minor differences in 
component values, with that used by Nastuk & Hodgkin (1950). The differential pre-amplifier 
consisted of a pair of cathode-coupled triodes (6J7’s with screen and suppressor grids strapped to 
the anodes), with a pentode (6J7) as the common cathode load. The output from the anode of one 
of the triodes was taken via a cathode-follower to the d.c. amplifier of a cathode-ray oscilloscope. 

The microscope stand was provided with an attachable mechanical stage, fixed at right angles 
to the normal position. A Perspex dish was screwed rigidly to the stage. The slices of electric organ 
were placed in the dish, where they were held between a perforated silver plate and a grid of silver 
wire stretched across a Perspex frame, which could be lowered on to the slice by means of a small 
rack-and-pinion attached to the edge of the dish. Both plate and grid were coated with silver 
chloride. The dish could be flooded with Ringer's solution, and drained by a suction pump. The 
tissue slice was illuminated from below, using a low-power condenser lens, and insertion of the 
microelectrodes was observed with a Greenough binocular dissecting microscope on a long-arm 

Square-wave shocks, generated by a Grass electronic stimulator, were applied between the plate 
and the grid as shown in Fig. 2. A 4:1 step-down transformer could be switched into the circuit 
when it was necessary to reverse the polarity of the stimulus. A resistance of 1100 Q was connected 
in series with the plate, in order to make the current effectively constant during the shock, what- 
_ ever the resistance of the slice (which was usually between 3 and 15 9). It also prevented the slice 
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Fig. 1. Diagram of experimental arrangement for recording membrane potentials 
in slices of electric organ. Not to scale. 


2. Method of stimulating the electroplates. The output from the stimulator could be applied 
(which slightly rounded the leading edge of the shock) when the polarity was reversed. 


ive. Zeiss | Cathode follower : 
micremanipulator probe mounted on 
ree : vertical movement 
the of microscope 
tial 
on- Grid of silver ' 
i wire on Perspex 
frame | Microelectrodes 
Fined stage 
Stimulator 
output impedance my 
500.) 
Pulse transformer J | 
2400 : 600 turns : 
Upper grid a | 
Lower sheet Bil 
6°25 1100 
A n ret 
calibrator 


318 R. D. KEYNES AND H. MARTINS-FERREIRA 


from being short-circuited by the secondary of the transformer. The applied current was mea- 
sured by observing the potential developed across a monitor resistance of 6-25 0, whose value 
(accurate to within 0-15 Q) was subsequently checked against a substandard. A low-resistance 
voltage calibrator of the type described by Hodgkin & Huxley (1945) was connected between the 
silver grid and earth. Time calibration was provided by « 1 ko/s square-wave generator in the 
oscilloscope. 


A Ringer's solution based on the analyses of Hlectrophorus serum made by Hargreaves & 
Moreira (1949) was used throughout the work. Its composition is shown in Table 1. The table 
also shows the composition of a sodium-free dextrose solution calculated to be isotonic with the 
Ringer’s solution. A similar solution containing 169 m.mole/1. of choline chloride instead of the 
dextrose was used in some experiments. 


1. Composition of solutions (m.mole/l.) 


Electrophorus Ringer 
NaCl 169 
KCl 5 N ls 1-2 
CaCl, 3 N ¥ 
Isotonic dextrose solution 
300 
KCl 2-3 Ko 1-2 
CaCl, 3 
Microelectrodes 


Electrodes whose tip diameter was of the order of 0-5 were drawn out and filled with 3m-KC! 
by boiling at a reduced pressure. They were attached to the probes by short lengths of rubber 
tubing. Their characteristics were measured by the methods described by Nastuk & Hodgkin 
(1950). Their series resistance was usually between 4 and 15 MQ, and the total capacity of the 
input stage and microelectrode was of the order of 5 upF. 

The main technical problem, which was never fully overcome, lay in finding microelectrodes 
which would give a good enough differential balance for transients. For steady potentials, the 
performance of the system was very satisfactory, its gain being over 5000 times greater for signals 
applied differentially than for the same signal applied to the tips of both microelectrodes. For 
transients, however, differences in the response times of the two channels, arising almost entirely 
from inequality of the microelectrode time constants, resulted in the appearance of out-of-balance 
artifacts. It was impracticable to improve the balance by adding small capacitances at one 
cathode-follower grid or the other, since the time constants varied with the depths to which the 
tips of the electrodes were lowered into the tissue slices, The electrodes were therefore sorted into 
matched pairs, but very exact agreement between them could not be demanded without rejecting 
too many. If with a square pulse whose rise time was under | usec applied to both electrodes, the 
artifact was less than 5 % of the output for the same signal fed in asymmetrically, the electrodes 
were acceptable; this test ensured that their time constants did not differ by more than 12 %. 
Since in practice the rates of rise and fall of the membrane potentials were smaller than those of 
the test pulses, this degree of balance was, for most purposes, sufficiently good to avoid serious 
errors. The artifact occurring during the rising phase of the spike was rarely greater than 2 mV, 
and certainly introduced no significant error into the determination of the height of its relatively 
flat peak. Only in investigating the voltage drop in different parts of the slice (see p. 326), where 
the differential balance of the system was more severely tested, would a better performance in this 
respect have been really advantageous. ; 

Experimental procedure 

The slice of electric organ was mounted in the dish, and rinsed with Ringer’s solution. The dish 
was drained, and a suitable electroplate, i.e. one whose whole surface was exposed without any 
visible damage, was moved under the electrodes by manipulating the mechanical stage. The 
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standard method of recording the potentials when the nervous faces of the electroplates were 
uppermost, was as follows: One microelectrode was lowered into the jelly-like extracellular 
material until its tip was just above the surface of the electroplate. The second microelectrode 
was lowered alongside it until the tips were at the same level, and about 150 apart. A base-line 
was then recorded. The second electrode was next lowered quickly a further 100, so as to 
penetrate into the electroplate. The size of the shock, a square pulse of duration 0-1 or 0-2 msec, 
was adjusted so that the rising phase of the spike was not obscured by the stimulus artifact, and 
another record was taken on the same frame as before. The electrode was finally withdrawn to its 
original position, and a third record was made. A number of records were taken with the two 
electrodes in different relative positions, or with the other side of the slice facing upwards, but the 
procedure was fundamentally similar. 

As in other applications of this type of microelectrode (Nastuk & Hodgkin, 1950; Draper & 
Weidmann, 1961; Fatt & Katz, 1951 a), a successful penetration was characterized by an abrupt 
change in the recorded potential as the tip of the electrode entered the cell, and any cases in which 
the potential altered sluggishly were rejected. Sometimes spurious variations in potential, up to 
about 20 mV in either direction, were observed while the electrodes were being lowered. Their 
origin was not explored in detail, but they probably arose from the combined effects of grid 
current and temporary obstruction of the electrode tip (causing a higher series resistance, and 
hence @ positive-going variation in voltage), and from penetration into small nerve fibres in the 
layer of nerves, blood vessels, and connective tissue covering the nervous face of the electroplate 
(see Pl. 1). This layer was sufficiently tough to cause the failure of about one penetration in three. 
Some electroplates were penetrated repeatedly without trouble, but others were only penetrated 
at the second or third attempt, and a few entirely defied penetration. The connective tissue layer 
was almost always considerably dimpled before the electrode passed through it, and it was perhaps 
surprising that the tips were not often broken in the process. As might be expected, 5 MQ 
electrodes survived rather better than those with higher resistances and therefore finer tips, but as 
long as the shanks were straight and the electrodes were lowered along their own axis, a pair could 
generally be used for the whole of an experimental session without any serious decrease in resistance 
or visible breakage at. the tip. 

In experiments on temperature effects, a record was first taken at room temperature, and a rapid 
flow of cooled Ringer was then directed on to the surface of the slice. After 5 min, the temperatures 
of the stream of Ringer, of the surface of the slice, and of the Ringer accumulating in the dish 
appeared to be the same. The dish was therefore drained, and another record made. After a further 
5 min wash in Ringer at room temperature, a final record was made. Experiments with sodium- 
free and potassium-rich solutions were done in a similar way, using longer periods of washing. 
Sometimes the flow was interrupted for just long enough to drain the dish and make a penetration, 
in order to observe intermediate stages in the development of the effects. While the solutions were 
running, the electrodes were raised in order to avoid damage to their tips. They were lowered into 
a different part of the electroplate for each penetration. It was inadvisable to leave them per- 
manently lowered during the experiment, owing to the difficulty of allowing for amplifier drifts, 
and the danger of errors from the diffusion of KCl out of the tips. 


Sources of error in the potential measurements 

(a) The time constants of the microelectrodes and cathode-follower circuits were never greater 
than 75 psec. Correction of typical records by the method of subtangent analysis (Lucas, 1912) 
showed that a time lag of this size would have reduced the amplitude of the recorded spike by 
much less than 1 mV, and would not have had any appreciable effect on its apparent duration. 

(b) All records were measured against grids recorded by earthing one cathode-follower input, 
and increasing the injected calibration voltage in steps of 20 mV up to +200 mV. The effects of 
curvature of the screen and non-linearity of the amplifier were thus eliminated. 

(c) The negative grid current drawn by the cathode-follower tubes was 2 x 10-"' A. This was 
well below the level at which it might have introduced measurable errors. 
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(d) Irreducible mains hum in the oscilloscope amplifier gave some trouble, causing appreciable 
vertical scatter in successive traces, and hence discrepancies between the two records of the base- 
line. In the records taken with the last eighteen eels, the average discrepancy was 1-6 mV. This 
source of error therefore contributed a standard deviation of about + 1-4 mV to each value obtained 
for the resting potential. In the earlier experiments (using a different oscilloscope) the mains hum 
was still greater, its contribution being a standard deviation estimated as +40 mV. 

(e) The strength of the shock had some influence on the amplitude of the action potential 
(see p. 332). It is unlikely that the spike size varied by more than +5 mV over the normal range 
of variation in shock size. 

(f) As the microelectrodes were filled with 3m-KCl, the junction potentials between their tips 
and the intra- and extracellular material should have been rather small. 

(g) Although our microelectrodes were probably somewhat larger at the tip than those used by 
Nastuk & Hodgkin (1950) and Draper & Weidmann (1951), they were not large enough to cause 
serious short-circuiting of the membrane potential at their point of entry. It was verified that an 
electrode of series resistance 0°7 MQ (whose external tip diameter appeared to be of the order of 
2-5 x) gave values for resting and action potentials which did not differ significantly from those 
obtained for the same electroplate with a 4 MQ electrode, which was the lowest value normally 
used. Nor did 4 and 10 MQ electrodes give different results. An even blunter electrode (5 at the 
tip) gave the same action potential on being pushed right through the electroplate, but would not 
give a satisfactory indication of the resting potential. Attempts were made to see whether the 
resting potential recorded with one microelectrode was reduced when another electrode was 
inserted close by, but these failed because of movements of the electroplate while the second 
electrode was being pushed through the layer of nerve fibres and connective tissue. 

(h) The recorded spike must have been slightly reduced by the voltage drop across the intra- 
and extracellular material due to current flowing during the discharge (see p. 326). In penetrating 
the nervous face the microelectrode was generally lowered about 100, which would cause a loss 
of 2:7 mV (using the mean values given in Table 2). This estimate does not take into account the 
loss across the nervous face itself, which cannot easily be calculated. A spike current of 4-6 mA/cm’ 
(see Table 2) flowing through the resting membrane resistance of 7-4 cm* (see p. 333) would 
result in a loss of 34 mV, but a forty-fold drop in membrane resistance during activity, as was 
observed for squid axons by Cole & Curtis (1939), would reduce the effect to under 1 mV. Direct 
evidence that the voltage drop effect did not introduce large errors was obtained on one occasion 
_by seeing whether the spike was affected by short-circuiting the protective resistance in series with 
the transformer secondary (see Fig. 2). As the output impedance of the stimulator was 500 0, this 
loaded the slice with a resistance of 500/4*, or 31 Q. Assuming the slice to have been 3 cm* in area, 
and four electroplates thick, so that ites total discharge was 600 mV, the extra current drawn 
must have been of the order of 6 mA/cm*. Nevertheless, the change in spike size was certainly 
under 1 mV. 

(s) The electroplates chosen for penetration were always, as far as could be seen, intact and 
undamaged. In freshly prepared slices it was found that the electroplates which had been cut 
through at some point tended to give spikes which were smaller and shorter than normal; 1 mm 
from the cut end the resting potential was reduced to about half and the electroplate was 
inexcitable. When the condition of an electroplate deteriorated rapidly in the course of an 
experiment, the results were rejected, but they were often observed only over a short period, and 
it is probable that some slightly damaged electroplates passed undetected. 

(j) From the scatter of the results in experiments where at least two separate penetrations 
were made into the same electroplate, the average standard deviation for a single penetration 
could be calculated. In twenty cases (for the last eighteen and not the first ten eels), it was 
+3-6 mV for the resting potential, and +4-3 mV for the action potential. There may therefore 
have been significant sources of variation other than those already listed, and perhaps genuine 
small differences in the membrane potentials at different points along the surface. 
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THE ANATOMY OF THE ELECTRIC ORGAN 
It is necessary to describe very briefly the relevant anatomical features of the 
electric organ. For a fuller account, Biedermann (1898) and Couceiro & 
Akerman (1948) should be consulted. The electric tissue occupies most of the 
posterior four-fifths of the fish, as is indicated in Fig. 3. It is divided into three 
parts—the main organ, Hunter’s organ, and the organ of Sachs. Each organ 
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Fig. 3. Highly diagrammatic representation of the anatomy of the electric organ in Electrophorus 
electricus. The lower section, drawn in perspective, shows how the electroplates (whose faces 
lie in the plane of the paper) are arranged in columns. 


is built up of a large number of electroplates, stacked in columns running | 


parallel to the spinal cord, so that during activity a potential difference is 
developed between the head and tail of the eel. The individual electroplates are, 
very roughly, 100 thick (in the longitudinal or antero-posterior direction), 
1 mm wide (in the transverse or tangential direction), and 10-30 mm long 
(in the radial direction). In the main organ they are packed very closely 
together, but in the organ of Sachs they are spaced some distance apart, and 
the uppermost electroplates near the tail may have extracellular gaps over 
2 mm wide (in the longitudinal direction) separating them. The photomicro- 
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graphs in Pl. 1, for which we are indebted to Dr A. Couceiro, show the 
appearance of the electroplates in sections cut vertically, parallel to the spinal 
cord. It can be seen that the afferent nerves and blood vessels are distributed 
only to the posterior faces of the electroplates, where the nerves terminate in 
endings on numerous small papillae which cover the whole surface. The 
anterior faces are studded with large irregularly shaped papillae, which project 
into the jelly-like extracellular material which fills the spaces between the 
electroplates. In the organ of Sachs the electroplates are somewhat wider, 
and the papillae are larger than in the main organ, but their structure is 
otherwise very similar. 

The microelectrodes were lowered vertically on to the surface of slices cut 
perpendicular to the longitudinal axis of the fish. They thus penetrated the 
electroplates at right angles to the nervous faces. For good results it was 
essential to choose electroplates whose whole surface was exposed, but which 
had not been harmed in cutting the slice. This criterion could never be 
satisfied in slices cut from the main organ, owing to the close packing of the 
electroplates, but in a slice cut from the organ of Sachs there were generally 
a few electroplates suitably exposed. Almost all the experiments described 
here were therefore done with electroplates from the organ of Sachs. In fact, 
they owed much of their success to the convenient anatomy of this part of the 
electric organ. 

RESULTS 
The membrane potentials in an electroplate 

Fig. 4 shows the potentials recorded when a microelectrode was lowered into 
an electroplate through the nervous (posterior) face, and then withdrawn. 
Record A was taken with both microelectrodes at the same level just above 
the electroplate, providing a base-line (with a superimposed stimulus artifact 
caused by the imperfect differential balance of the two channels for transients). 
Record B was then taken with one electrode lowered about. 100, so as to 
penetrate into the electroplate. As in a nerve or muscle fibre, the inside of the 
cell was about 85 mV negative with respect to the outside. Stimulation 
resulted in an action potential of about 150 mV, at the peak of which the 
membrane potential was reversed in the manner characteristic of many other 
excitable tissues (Hodgkin, 1951). On raising the electrode to its original 
position, record C was obtained, this being coincident with A except for 
a slight sideways displacement arising from random variation in time delay 
between the time-base synchronizing pulse and the stimulus. 

Another series of records taken with the same electroplate is illustrated in 
Fig. 5. For records A and B, the two microelectrodes were in the same 
relative positions as before, but for C one of them was pushed right through 
the electroplate so as to emerge into the extracellular space below it. With the 
tips of the two electrodes thus on opposite sides of the electroplate, no steady 
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Fig. 4. Membrane potentials in an electroplate from the organ of Sachs, recorded by approaching 
through the nervous face. In the diagram of the stylized electroplate below, which shows the 
relative positions of the microelectrodes for the three records A, B and C, the non-nervous 
(anterior) face is drawn with large papillae. Temperature 27° C. 
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Fig. 5, Another set of records of the membrane potential in the same electroplate as Fig. 4. 


For the final record (C’) the microelectrode was lowered one stage further than before, so as 
to transfix the electroplate and emerge into the extracellular space beneath the non-nervous 
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potential difference was recorded, but the action potential was almost the 
same size as it was across the nervous face alone (record B). It follows that the 
resting potentials across the two faces must have been equal, and that there 
was little or no action potential across the non-nervous face. 

This conclusion is borne out by Fig. 6, which shows the result of inverting 
a slice of electric organ, and penttrating the electroplate from the other 
direction—through the non-nervous (anterior) face. Again the resting 
potential appeared when one electrode was inside and the other outside the 


Fig. 6. Membrane potentials recorded by penetrating the non-nervous face of an electroplate. 
The action potential does not appear until the electroplate is transfixed (record (). 
Temperature 23° (not the same eel as Figs. 4 and 5). 


cell, and disappeared when both were outside. During activity there was 
almost no potential change across the non-nervous face (record B), the action 
potential only being recorded, now upside-down in comparison with Fig. 4, 
when the tip of the movable electrode was beneath the electroplate 

Examination of all the records in which electroplates had been transfixed 
by a microelectrode confirmed that there was generally no appreciable net 
potential difference across them. In one record the lower side of the electro- 
plate was apparently 20 mV negative with respect to the upper side, but this 
was probably caused by a spurious shift of the base-line, and in the other 
records the figure rarely exceeded’ +6 mV. The average potential difference 
across the electroplates did not differ significantly from zero, since in twenty- 
one cases where the nervous face was uppermost, the lower side was negative 
by only 0-8 + 1-3 mV (s.z. of mean), and in a further twenty-one records taken 
with inverted slices it was 1-2+0-8 mV negative. It would not really have 
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been surprising if there had been a small potential across the electroplates, 
since Whichever way the slices were orientated, their upper surfaces were 


_. bathed with Ringer's solution, in which the ionic concentrations may not — 


have been exactly the same as in the extracellular spaces of the tissue. 
A diffusion potential might, therefore, have developed across the top electro- 
plate. This effect was observed in a few experiments where the Ringer’s 
solution was modified (see below), but evidently caused no easily measurable 
potentials under normal experimental conditions. It is justifiable to conclude 
that the resting potentials across the nervous and non-nervous faces of the 
electroplate were equal to within experimental error. 


A. At rest Tail At the peak 
of the spike 
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Fig. 7. Diagram illustrating the additive discharge of the electroplates. At rest (A) there is no 
net potential across the electroplates, but at the peak of the spike (B) all the potentials are 
in series, and the head of the eel becomes positive with respect to its tail. The figures are the 
overall averages obtained for electroplates in the organ of Sachs. 


The voltage drop within the slice 


It may be noticed in Fig. 5 that the action potential recorded across the 
whole electroplate (record C) was slightly smaller than it was across the nervous 
face alone (record B). This was often observed, the mean value of the difference 
in size of the action potential being 5-5+ 1-2 mV (twenty-one records; for 
which a significance test gives P < 0-001). The discrepancy could be explained 
in two ways. There might be an action potential of this magnitude across the 
non-nervous face, as record B in Fig. 6 may suggest. Or, as the diagram in 
Fig. 7 shows, current flowing during the discharge might produce a voltage 
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drop across the intra- and extracellular material and across the passive 
resistance of the non-nervous face, which would offset the recorded action 
potential when the tip of one electrode was much above the other. 

An attempt was made to discriminate between these two possibilities by 
investigating the contribution of the voltage drop effect. With increased 
amplifier gain, the vertical voltage drop in different parts of the slice could be 
determined by setting one electrode a known distance (generally 50 or 100) 
above the other, and then measuring the potential difference developed between 
them during the spike. The wave-form of the pulse thus recorded was some- 
times rather complex, owing to the poor transient balance of the recording 
system, but reasonably consistent results were obtained by measuring the 
potential only at the point corresponding in time to the flat-topped peak of 
the action potential. Whenever the non-nervous face lay between the two 
electrodes (as indicated by a change in resting potential), the recorded 
potential drop was slightly larger than for a corresponding depth of intra- 
or extracellular material. The difference gave a measure of the drop across the 
non-nervous face itself. A similar set of measurements was made with a short 
pulse of constant current flowing through the slice in the direction opposite to 
that which stimulated the electroplates. Knowing the size of the applied 
current and the area of the slice, and assuming that the current was distributed 
uniformly across the slice, the effective resistances of the cytoplasm of the 
electroplate, of the extracellular material, and of the non-nervous face, could 
next be calculated. Comparison of the voltage gradient for the spike and for 
the known constant current, across the same part of the slice, gave a figure for 
the current flowing during the spike. This was then multiplied by the resistance 
of the non-nervous face, in order to obtain the expected value of the voltage 
drop across it, if there were no active potential change. 

The results of several experiments of this type are given in Table 2. There 
was apparently considerable variation in spike current, though some of this may 
have been due to experimental error, since the voltages were too small to be 
measured with great precision, and it was uncertain how far the assumption of 
uniform current distribution was justified. Nevertheless, the figures obtained 
for the specific resistances inside and outside the electroplates were fairly 
self-consistent, and fitted reasonably well with the specific resistance of the 
Ringer, which was calculated to be about 50 QO cm at 25° C. Overanappreciable 
range of absolute sizes, the observed and calculated values of the voltage drop 
across the non-nervous face agreed rather well, neither of them being con- 
sistently smaller or greater than the other. This provides good evidence that 
there was no active potential change across the non-nervous face. 

The results of two more incomplete experiments, omitted from Table 2, indicate that the 
intracellular specific resistance may not really be lower than the extracellular resistance, as 
Table 2 suggests. However, the cytoplasm of the electroplates does appear to be similar to the 
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axoplasm of frog myelinated nerve fibres in having an electrical resistance nearly equal to that of 
the body fluids, whereas other invertebrate nerves and frog muscle have relatively high internal 
resistances (Huxley & Stampfli, 1951). 


TaBLE 2. The voltage drop across the non-nervous face of the electroplate 


during the action potential 
Voltage 
Specific resistance Resistance in natin face 
of current nervousface Calculated Observed 
(mV) (Qem) (Qem) (mA/em*) (Qem*) (mV) (mV) 
145 55 77 3-6 0-13 0-46 0-76 
161 39 33 2-0 0-08 0-16 0-03 
136 38 50 13-9 0-26 3-6 2-7 
145 55 83 2-6 0-38 1-0 1-2 
139 66 97 10 0-29 0-3 0-4 
Mean 51 68 4-6 0-23 1-1 1-0 


In most of the experiments, no record was kept of the actual amounts by 
which the electrodes were moved in order to penetrate the electroplates. 
However, the movements were certainly of the right order for the voltage drop 
effect to account both for the slight reduction in size of the spike when the 
electroplate was transfixed from the nervous side, and for the small positive- 
going change in membrane potential during the spike which is visible in 
Fig. 6, record B. Taking the average values from Table 2, a loss of 5-5 mV 
(see above) would correspond to lowering the electrode about 160y. In 
twenty-one penetrations through the non-nervous face (as Fig. 6), the mean 
apparent decrease in resting potential during the spike was 4-2+1-0 mV, 
which could be caused by a movement of 110. 

The diagram in Fig. 7 summarizes the facts described so far, and shows how 
the additive discharge of a column of electroplates is achieved. In the resting 
state there is no net potential across the electroplates, however many are 
connected in series. During activity, the reversed potentials across the 
nervous faces are added to the unaltered potentials across the non-nervous 
faces, and each electroplate therefore contributes a voltage equal in size to its 
action potential. 


Potentials in different parts of the electric organ 

The organ of Sachs. Table 3 gives the mean values of the resting potential, 
of the action potential, and of its duration (measured at half the peak ampli- 
tude) in all the eels for which at least four different electroplates were pene- 
trated through the nervous face. The corresponding figures for a further 
eleven eels, it each of which not more than three records were obtained, were: 
R.P. 82 mV, a.P. 146 mV, and duration 2-2 msec. Averaging the two sets of 
figures, and allowing for the fact that the spike was reduced about 3 mV below 
its true size by the voltage drop effect (see p. 320), the best overall estimate 
for the membrane potentials in the organ of Sachs at 24° C was: r.P. 84 mV, 
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A.P. 151 mV, and duration 2-3 msec. The averages for penetrations through 
the non-nervous face (also in eleven eels)—nr.P. 83 mV, a.P. 141 mV, and 
duration 2-0 msec—agreed well, since the total correction for the voltage drop 
effect was about 7 mV when recording in this fashion. The table shows the 
standard error of each figure, and it is clear that there was some significant 
variation from one eel to another. However, the variation in membrane 
potentials was not very extensive, and it was only the durations which differed 
appreciably between individual fishes. Part of the variability in duration was 
probably caused by temperature differences; taking its Q,,. as 2°5 (see below), 
and correcting all the results to 24° C, the range of durations in all twenty-two 
eels was reduced to 1-4~—3-1 msec. 


TaBLE 3. Average sizes of resting and action potentials in electroplates of Sachs’s organ 


Action 
Eel Temp. No. of potential potential Overshoot Duration 
no. e records (mV) (mV) (mV) (msec) 
7H 22 4 88 +1 145 +3 56 +3 2-1 +0-05 
8 21 4 100 +2 158 +5 59 +5 
10 24 4 8242 152 +8 70 +5 
12 23 6 8242 15145 69 +4 2-2+0-16— 
14 24 13 88 +1 155 +3 68 +2 1-7 +0-05 
15H 24 17 88 +2 15443 66 +2 2-9 +0-09 
19 22 7 88 +2 153 +3 6442 3-7 +0-16 
20H 23 5 152 +3 7232 2-9 +0-18 
21 24 15 7642 137 +3 6142 2-2 +0-11 
27 27 5 90 +4. 14444 5444 1-3 +0-03 
28 25 5 83i4 152 +8 2-5 40-12 
Mean 24 86+1-9 150 6441-8 2-4 


All these measurements were made by penetrating the electroplate through the nervous face. 
For the first six eels, non-standard techniques were used, and the results were rejected altogether. 
Eels marked H had been injected with heparin before starting the experiment. The duration was 
measured at half the peak amplitude of the action potential. Standard errors of the means for each 
eel are given, and also the standard errors of the overall means (which are not weighted). 


The greatest action potential recorded in any electroplate was 180 mV in 
the first electroplate of eel no. 14 to be penetrated; its resting potential was 
90 mV. This may seem a surprisingly large value, but there was no reason to 
doubt its genuineness, and most of the possible errors in determining it would 
have made it too small rather than too large (see ‘Method’). This record 
was made sooner after the death of the fish (about 20 min) than any other 
in the whole series, and it is conceivable that there was a sharp initial decline 
in the size of the spike, which thereafter remained steady for some time. Eel 
no. 14 gave a mean of 168+5 mV (four records) 0-5 hr after decapitation, 
and 153 + 1-7 mV (four records) some 3-3 hr later (which is a significant change, 
P=0-03). The fall in action potential with time was sometimes greater than 
this, and sometimes there was less change (eel no. 15H gave 159+4 mV in 
four of its electroplates 0-5 hr after decapitation, and precisely the same 
result in another four penetrations made 3-7 hr later). 
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In any given slice through the organ of Sachs there was always appreciable 
variation in the longitudinal spacing of the electroplates. In a large eel, for 
instance, the distance between the electroplates might be 2-3 mm in the 
upper part of the organ (nearest the spinal cord), and only 0-8 mm in the 
lowest part, with intermediate spacings in between. It seemed possible that 
there would be some correlation between spacing and size of action potential, 
but no convincing evidence was obtained that the size of the spikes was related 
to the position of the electroplates. Nor was there any obvious connexion 
between the total area of the electroplates and their spike size. These questions 
were not investigated thoroughly enough for the existence of such correlations 
to be ruled out, but it was quite clear that any variations in action potential 
were much smaller than the variations in spacing and in area. If all the 
electroplates discharge simultaneously, there must be marked discrepancies 
between the voltages generated by different regions of the electric organ, and 
a rather complicated pattern of current flow within it. 

The main organ. Once the technique of penetrating the electroplates in the 
organ of Sachs had been well established, it proved possible to make satisfactory 
records from the electroplates in the main organ. Electrode A was first lowered 
into the slice, at whichever end wholly undamaged electroplates were nearest 
the surface, until it was below at least one electroplate giving large resting 
and action potentials. Electrode B was then lowered alongside it, until there 
was no potential difference between them during stimulation, and they were 
therefore at the same level. After recording a base-line, electrode B was 
lowered one step further still, the potentials were recorded, and the electrode 
was withdrawn. With this procedure it was, of course, impossible to observe 
the electrode tips visually, but as the sequence of potential changes was 
exactly the same as in the organ of Sachs, there could be no doubt as to the 
relative positions of the two electrodes. Table 4 summarizes the results from 
the only two eels in which the membrane potentials in the main organ were 
examined systematically. As Fig. 8 shows, the action potentials had the 
same general appearance as those in Sachs’s organ, but were significantly 
shorter, their mean duration being 1-5 msec as compared with 2-2 msec. This 
helps to explain the surprising shortness of the pulses produced by a whole eel 
(Albe-Fessard, Chagas, Couceiro & Fessard, 1951), which would correspond to 
the discharge of the main organ, not of Sachs’s organ, although the individual 
electroplates must, all the same, be extraordinarily well synchronized. The 
resting and action potentials were, on the whole, slightly smaller than in the 
organ of Sachs, though the differences were not statistically significant in every 
case, The average size of the spikes in the three groups of records was 127 mV, 
which agrees well with the estimates of 100-160 mV obtained by Cox, Coates 
& Brown (1945) from measurements of the total voltage and total number of 
electroplates in intact eels. 
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Hunter’s organ. The discharge of Hunter’s organ, in which the electroplates 
are spaced closely as in the main organ, was only examined on one occasion. 
One electroplate gave a resting potential of 74 mV and an action potential of 
141 mV, and another an action potential of 128 mV. The spikes were the same 
shape as before. 


mV 


[msec 
Fig. 8. An action potential recorded in the main electric organ. The electroplate was 
through its nervous face (as in Fig. 4). Electroplate spacing 0-6 mm. Temperature 24° C. 


Tasiz 4. Comparison of potentials in main and Sachs’s organs 


Resting Action Electroplate 
No. of potential potential Duration 
Region records (mV) (mV) (msec) mm) 
4 80+4 132 +11 1-6 +0-06 0-6 
Beginning Sachs’s organ 3 8744 162+ 5 2-1 +0-09 1-7 
Centre of main organ 4 64+4 131+ 6 1440-12 0-1 
{en of main organ 9 68 +3 118+ 6 1-5 +0-06 0-2 
organ 6 81+2 1454 4 2-3 40°14 0-7 
Pure Sachs’s organ 9 72 +3 131+ 4 2-1+40-17 10 


Figures bracketed together were obtained with the same slice. The first pair were from one eel, 
the remainder from another. All the measurements were made at a room temperature of 24° C. 
The standard errors of the means are given. 


The effect of temperature 

Fig. 9 shows how the action potential changed when the electroplate was 
cooled, and Table 5 gives numerical results for the temperature effects in this 
and three other electroplates. These measurements were made at an early stage 
in the investigation when imperfections in technique were still causing an — 
unduly large scatter in the resting potential records, the standard deviation 
of each figure being about +5 mV. The slight reduction in resting potential at 
the lower temperature was, therefore, not statistically significant. The action 
potentials were determined somewhat more reliably, and decreased appreciably 
on cooling. Their average Q,,, 1-08 + 0-04, was not significantly different from 
the value corresponding to a direct proportionality to absolute temperature. 
In contrast, the duration of the spike had a large negative temperature 
coefficient, and increased to more than 8 msec at 6° C. This lengthening was 
apparently not due simply to a slowing of the rising and falling phases since 
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the maximum slopes had rather smaller Q,,'s than the duration. Hodgkin & 
Katz (1949) reported similar temperature effects for squid axons, where the 
sizes of the potentials did not vary much, and the rate of restoration of the 
resting potential at the end of the spike had the largest Q,,. 


Fig. 9. Superimposed tracings showing the effect on the action potential of cooling the electro- 
plate. Curve A is drawn as the mean of potentials recorded through the nervous face (as in 
Fig. 4) at 21-5° C, before and after cooling. The two values for the resting potential were 88 
and 80 mV respectively, and the spikes were virtually identical. Curve B was recorded 
at 7-5° C. 


TaBLE 5. The effect of temperature on the membrane potentials 


Maximum 
rate (V/sec) 
Resting Action of Qro 
Tem potential potential Duration r A 
(°C) (mV) (mV) (msec) Rise Fall a.P. Duration Rise Fall 
23 80-5 143 1-7 251 143 1-03 2-33 1-50 1-59 
12 80 138 4:3 160 86 
91-5 134-5 2-0 158 120 2-41 1-60 1-73 
6 83 115 8-2 75 50 
21 91-5 140-5 2-3 179 108 2-52 2-04 
ll 89 120 5-8 — 53 
21-5 148-5 2-15 188 172 101 2-64 1-43 1-81 
75 84 146 8-4 114 75 
Mean 22 88 142 2-0 194 136 1084 2484+ 1614 1-79+ 
0-04 0-07 0-05 0-09 


Each figure at the upper temperature is the mean of two measurements, made before and after 
cooling. Durations were measured at half the peak amplitude. Maximum rates of rise and fall 
were measured graphically from the action potential records. In one case the stimulus artifact 
obscured too much of the rising phase for the rate of rise to be measured. The standard errors of 
the mean Q,,’s are given. 


Excitation of the nervous face 
The electroplates in slices of electric organ from Electrophorus can be 


stimulated in two ways—either directly, with a latency often under 0-1 msec, 
or indirectly, through stimulation of the nerve endings, with a latency of at 
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least 1-5 msec (Albe-Fessard, Chagas & Martins-Ferreira, 1951). The direct 
response was used in all our experiments, this being elicited by brief pulses of 
current passed through the slice in the antero-posterior direction, but not 
by the flow of current in the opposite direction. We did not perform any 
critical experiments on the mechanism of excitation in the electroplates, 
although the type of technique evolved would be suitable for further investi- 
gation of this very interesting question. But we made a few relevant observa- 
tions, largely qualitative in nature, which are worthy of mention here. 

It will be obvious on referring to Fig. 7 that the current which caused direct 
excitation was that which depolarized the nervous face of the electroplate. 
This mode of stimulation was thus analogous to the usual method of stimu- 
lating a nerve or muscle fibre by applying a cathode externally. The analogy 


Fig. 10. Superimposed tracings of the responses of an electroplate when the size of stimulus was 
varied, recorded through the nervous face. The figures show relative shock strengths. 
A, 0-02 msec shock, threshold about 17mA/cm*. B, 1-2 msec shock, threshold about 
1-5 mA/om*. Temperature 25°C. In each case both types of response at threshold were 
recorded without touching the shock strength control. 


extended somewhat further, since the nervous face responded ina characteristic 
all-or-none fashion, as may be seen in Fig. 10, which shows the effect of varying 
the stimulus strength, for pulses 0-02 and 1-2 msec in duration. As the spike 
arose from synchronous (or almost synchronous) activity of the whole surface 
of the electroplate, the main features of these records should be compared with 
those of the non-propagated membrane action potentials obtained in squid 
axons by Hodgkin, Huxley & Katz (1952), rather than with normal pro- 
pagated action potentials. The stimulus strength could be set at a level where 
the electroplate sometimes gave a subthreshold response resembling the local 
response observed in many other excitable tissues, and sometimes, after a delay 
of several milliseconds, a full-sized spike. By applying a larger shock, the 
delay could then be reduced virtually to zero without much change in the 
appearance of the spike. However, the all-or-none law was often not perfectly 
obeyed, since the spike showed a tendency, particularly when the electroplate 
seemed to be in poor condition, to be slightly smaller and shorter close to 
threshold. This effect cannot have arisen from distortion of the record by the 
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stimulus artifact, since by the time the peak of the spike was reached, the 
artifact was very small. It may possibly have been a consequence of the 
complex folding and corrugation of the electroplate surface, which must have 
resulted in a non-uniform distribution of the stimulating current, and hence 
incomplete excitation of the membrane at threshold. But if this idea were 
correct, it appears likely that the threshold response would be asynchronous, 
and therefore lengthened, instead of being shorter, as Fig. 10 shows it to be. 
For the present, the departures from ideal all-or-none behaviour must be left 
unexplained. 

Using shocks over 10 msec in duration, the average voltage drop produced 
across the nervous face at threshold was measured, and found to be 11-4 mV 
(mean of seven observations ranging from 10 to 13 mV). The corresponding 
current was 1-65 mA/cm*, and 1-0 mV was subtracted from the observed 
values to allow for the voltage drop across 100, of extra- and intracellular 
tissue (see p. 327). This figure is comparable with the critical depolarization 
of 12-15 mV necessary to excite the squid axon membrane (Hodgkin et al. 
1952). When shorter shocks were used, the initial depolarization required at 
threshold was considerably greater, as may be observed in Fig. 10. When the 
shock was very long (20 or 50 msec), repetitive responses were sometimes 
obtained as soon as the depolarization exceeded the critical value. 

On several occasions the indirect response was elicited, in order to see how it 
compared with the direct response. Fig. 11 shows a typical picture of the 
direct and indirect responses in the same electroplate. In confirmation of 
Albe-Fessard, Chagas & Martins-Ferreira (1951), it was noted that the 
indirect response required longer and larger shocks, that it arose with an 
irreducible latency of about 1-5 msec, that it was more easily fatigued (slices 
which had been maltreated, or left to soak in Ringer’s solution for long periods, 
sometimes gave an almost unimpaired direct response when they would give 
no indirect response at all), and that it showed marked facilitation effects 
(it was most easily obtained by stimulating at a repetition rate of at least 
30/sec). No initial steps of the type recorded by Fatt & Katz (1951a) near 
motor end-plates in frog muscle were ever seen, but no serious effort was made 
to search for end-plate potentials, and it is possible that they might have been 
found if nerve-organ preparations had been used, and if trouble had been 
taken to insert one of the microelectrodes close to a nerve ending. 


Membrane characteristics 

The effective resistance of the nervous face was determined in a number of experiments similar 
to (but often less complete than) that described on p. 326, i.e. by measuring the steady component 
of the voltage drop across it when pulses of current were applied to the slice. The average result 
was 7-4Q cm* (eleven values ranging from 4:1 to 12-8 Qem*). Most of the measurements were 
made with 1 msec pulses of current flowing in the posterio-anterior direction, the current 
densities being between 1 and 7 mA/cm?. On several occasions the voltage drop was also measured 
with just subthreshold currents flowing in the reverse direction. No evidence was found of 
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any rectification effects, the membrane resistance being the same to within experimental error 
for currents up to about 1-5 mA/em* flowing in either direction. In cases where the specific 
resistance of the cytoplasm and extracellular material was not determined at the same time, a 
correction of 0-6 Qcem* was subtracted from the result, in order to allow for a vertical distance of 
100 p between the electrode tips (and a mean specific resistance of 60 Nom, from Table 2). There 
were two further sources of error for which reliable compensation could not easily be made, but 
which tended to cancel one another out. One was the presence of connective tissue septa between 
the columns of electroplates, which occupied about 10 % of the total area, and which probably 


mV 
+80 


—-160 


Fig. 11. Superimposed tracings of direct and indirect responses for an electroplate in the tail end 
of Sachs’s organ, recorded through the nervous face. A, direct response, 0-1 msec shock, 
cathodal, about 1/sec; B, indirect response, 1 msec shock, anodal, 30/sec; C, direct response, 
0-1 msec shock, cathodal, 30/sec. Strength of shock the same in each case. Temperature 
23° C. C was recorded last, and the spike was probably somewhat reduced by fatigue and 
a rise in threshold. The hump on the descending phase of the indirect response (B) was not 
always seen, and in some other records the direct and indirect responses were exactly the 
same in size and in duration. 


had a higher specific resistance than the rest of the slice. The other was the existence of short- 
circuits within the slice, which allowed a mean current of 4-6 mA/cm* to flow during the spike (see 
Table 2). It was calculated that the apparent membrane resistance was probably too low by 
10-30 %, the error being greatest if the short-circuit path was assumed to lie across each individual 
electroplate, and least if it represented only a leakage round the outside of the slice. Taking all 
these errors into account, it seems likely that the true membrane resistance was between 8 and 
10 Qem’. 

When a rectangular current pulse was applied to the slice, the voltage across the nervous face 
rose exponentially to a steady value, as can be seen in tracing B, Fig. 10. In seven experiments 
in which records were made with a fast sweep, the time constant of the exponential varied between 
60 and 200 psec (only the latter part of the build-up was measured, since the inclusion of some 
series resistance between the electrodes added a vertical portion to the beginning). Knowing the 
membrane resistance in éaich case, the average membrane capacity was calculated to be 15-6 uF /cm* 
_ (with a range of 10-21 u.F/om*). The reliability of this figure is again affected by assumptions as 

to the distribution of the short-circuit resistance, but it should be correct to within 30 %. It is 
high compared with the values of the order of 1 4F/om* obtained for nerve membranes (Hodgkin, 
1951), but is not out of line with the figures reported for the electric organ of Torpedo (5 »F/cm'*, 
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Albe-Feasard, 19506; Albe-Fessard, Chagas & Fessard, 1949) and for muscle (6 .F/cm? in frog 
muscle and 40F/om* in crab muscle, Fatt & Katz, 1951a, 5). It must also be remembered that 
the true area of the membrane is considerably greater than the area assumed in these calculations, 
since it is extensively folded. 

Figures for the resistance of the non-nervous face have already been given in Table 2. The 
average value obtained was 0-23 Qom?. There was no sign of an exponential change in potential 
across this face, but the voltages involved were too small for any final conclusions to be reached 
with regard to its capacity. This remarkably low figure has obvious functional importance, and 
must partly be achieved by the increase in surface area resulting from the presence of exceptionally 
large papillae on the non-nervous face, Examination of Pl. 1 suggests that the papillae may 
expand the available surface by a factor of about five. 

Evidence has been given earlier (see p. 320) that the resistance of the nervous face was 
appreciably reduced during the spike. This question was not examined in detail, as it would have 
required a double pulse generator. However, the disappearance of the back edge of the applied 
current pulse when the shock strength was 1-02 in tracing B, Fig. 10, provides a further demon- 
stration that the membrane resistance must have been low by the time the peak of the pulse was 
reached. Cox ef al. (1945) have obtained indirect evidence that the resistance of the main organ 

The effect of applying sodium-free solutions 

It has been shown (see Hodgkin, 1951) that many types of nerve and muscle 
fibre are rendered reversibly inexcitable when the sodium ions in the external 
medium are replaced by sugar or by an inert cation such as choline. It was 
therefore of interest to see whether the electroplates were similarly affected. 

The experiment illustrated in Fig. 12, and those summarized in Table 6, 
showed that when the nervous face of an electroplate was washed with an 
isotonic dextrose solution, the action potential was abolished without any 
great change in the resting potential. But diffusion effects caused the inex- 
citability to develop rather slowly, and prevented the results from being as 
clear-cut as might have been wished. It can be seen in Fig. 12 that 6 min 
elapsed before the spike was reduced to quarter of its original height, and that 
after 12 min traces of an active response still persisted. Much of this delay 
must have resulted from the appreciable time necessary for sodium ions to 
diffuse out of the layer of jelly-like material in which the electroplates were 
embedded, which could not, of course, be stirred. Some idea of the maximum 
speed of diffusion can be gained from Fig. 13, which shows how rapidly the 
action potential would drop if the active membrane behaved as a sodium 
electrode, as it does in certain other excitable tissues (Hodgkin, 1951), and 
were protected by unstirred layers of various depths. In the experiment of 
Fig. 12 the unstirred layer was of the order of 400, deep, so that the spike 
declined at very roughly the theoretical rate. With one exception, the other 
experiments also showed a very approximate agreement between depth and 
blocking time, the rate of fall of the spike sometimes being slightly less than 
Fig. 13 would have indicated, perhaps because the connective tissue overlying 
the surface of the electroplate offered further hindrance to the free diffusion of 
sodium ions. In the fifth experiment listed in Table 6, there was still a 90 mV 
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spike after 26 min of exposure to a dextrose solution, although the depth was 
not more than 500. It can only be supposed that the connective tissue must 
have been unusually impervious on this occasion. In every case, the recovery 


of the spike on restoration of normal Ringer was noticeably quicker than its — 


previous decline—in Fig. 12 it was virtually complete in 3 min. However, 
this is exactly what the diffusion calculations predicted, as is shown by the 
right-hand set of curves in Fig. 13. 


+80 mV 


Fig. 12. The effect of washing the nervoun face of an clectroplate with en isotonic dextrose 
solution. A, initial response in normal Ringer; B, C and D, after 3, 6 and 12 min treatment 
with dextrose; Z; recovery of response after 3 min in normal Ringer. Depth of unstirred 
layer about 400 u. Temperature 24° C. Shock in each case 0-1 msec, 7-3 mA/cm*. Responses 
in C and D could not be increased by applying larger shocks. In other experiments the 
response was abolished more completely than in D. Transient balance of microelectrodes was 
rather worse than usual, and transient artifacts were increased in dextrose because of its 

When an isotonic choline solution was applied to the nervous face instead 
of dextrose, the electroplates again became inexcitable, but now irreversibly 
so (Table 6). In addition, there was a significant reduction in the resting 
potential. As there is evidence that the nerve endings on the electroplate are 
cholinergic (see Discussion), and since choline irreversibly abolishes the 
excitability of the motor end-plates in frog muscle after first producing 

a depolarization which only slowly disappears (Fatt, 1950), it is plausible to 

suggest that the action of the choline solution was partly to depolarize the 
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electroplates in the region of the nerve endings, and so to block the whole of 
the nervous face, even after replacement of the external sodium. In support 


of this idea, we found that application to the nervous face of freshly prepared 
Ringer containing 11 m.mole/l. acetylcholine chloride also reduced the resting 


potential by half, and destroyed excitability. 


mV 
0 


1000 


0 10 20 0 10 20 min 

Fig. 13. Theoretical reduction in membrane potential on altering external sodium concentration, 
for a membrane which behaves as a sodium electrode and has an unstirred layer above it. 
The figures against the curves indicate the thickness of the unstirred layer in ». Calculated 
from the diffusion equations given by Hill (1929) for a plane sheet, taking the diffusion 
constant for Nat ions as 1-0 x 10-* om*/sec, and assuming that 
Drop in potential ~58 mV logie et where [Nal], is initial (and final) external sodium 
concentration, and [Na], is the sodium concentration immediately outside the membrane at 
time t. Recovery curves calculated for zero initial sodium concentration. 


In contrast to the results just described, application of either dextrose or 
choline solutions to the non-nervous face caused little alteration of the action 
potential. As may be seen from Table 6, it fell slowly after about half an 


hour, but this might have been a consequence of damage caused by repeated 


penetrations. The lack of effect cannot be ascribed to the slowness of diffusion, 
because the unstirred layers were not more than 800, thick, and the non- 
nervous faces had no stratum of connective tissue above them. 


Depriving the non-nervous face of sodium brought about some change in the resting potential, 
which resulted in the development of a net potential difference across the electroplate, since the 
nervous face, now on the inside, was unaffected. In one of the dextrose experiments the final 
value of the resting potential across the non-nervous face was 62 mV (Table 6), while across the 
nervous face of the same electroplate it was 82 mV. A neighbouring electroplate had resting 
potentials of 55 and 80 mV respectively. The extracellular spaces beneath the topmost electro- 
plates were therefore at a mean potential of + 22-5 mV relative to the surface. The other dextrose 
experiment on the non-nervous face gave a similar but smaller result (+7 mV). This net potential 
difference was undoubtedly genuine, and could not be eliminated even by large movements of the 
electrodes, 
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never transfixed, so that no direct evidence was obtained either for or against the existence of net 
potentials across them. However, the figures in Table 6 show that the resting potentials did have 
some tendency to fall in dextrose solutions. The most obvious reason for a change in the resting 
potential under these conditions is that there must have been an appreciable outward passage of 
Cl- ions, and perhaps of Na+ as well. But the question was not investigated further, and no 
detailed explanation can be offered. 


Tasie 6. The effect of sodium-free solutions on the membrane potentials 


Resting Action 
Face Solution potential potential 
exposed applied (mV) (mV) (») 
Nervous Normal Ringer 79 140 550 
Dextrose for 16 min 80 0 
Normal for 10 min te 87 135 
Nervous (3) Normal Ringer 100 +3 163 +1 350, 500, 250 
Dextrose for 15 min 83+8 0 
Normal for 17 min 93 +6 127 +7 
Nervous (4) Normal Ringer 83 +3 14342 400,400,750,750 
Dextrose for 15 min 80 +3 1747 
Normal for 11 min 8242 130 +5 
Nervous Normal Ringer 83 144 350 
Dextrose for 8 min 82 0 
Normal for 9 min 83 138 
Nervous Normal Ringer 500 
Dextrose for 26 min 81 90 
ss Normal for 10 min 99 139 
Nervous (4) Normal Ringer 9442 168 +5 ale 
1 Choline for 15 min 65 +2 0 
Normal for 15 min 65 +2 0 
Normal for another 35 min 60 +2 0 
Nervous Normal Ringer 83 150 550 
Choline for 13 min 73 0 
Normal for 12 min 77 0 
Non-nervous Normal Ringer 78 103 750 
Dextrose for 29 min 74 118 
Dextrose for another 47 min 76 82 
Non-nervous N 85 140 800 
Dextrose for 33 min 70 139 
for another 10 min 62 95 
Non-nervous Normal Ringer 81 143 700 
Choline for 16 min 75 127 
Choline for another 26 min 70 82 


For experiments in which the membrane potentials were determined in several neighbouring 
electroplates, the number of electroplates in the group is stated in brackets, and the standard error 
of the mean is given. The other experiments were performed with single electroplates. The last 
column shows the depth of the unstirred layer of jelly above the actual face of each electroplate. 
In the third experiment the two deeper electroplates did not block completely, but it was difficult 
to measure the residual response accurately. 


In the choline experiment on the non-nervous face, a net potential of - 10 mV was developed 
across the electroplate. Possibly enough choline had penetrated into and beyond the top 
electroplates to depolarize their nervous faces. 

In collaboration with Prof. Chagas, a slice of main organ was on one occasion perfused with the 
isotonic dextrose solution, using the technique described by Chagas et al. (1951). After more than 
2 hr of perfusion there was still no change in the size of the direct response, although the indirect 
response disappeared (as did that of a control slice perfused with Ringer). Calculations showed 
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that this negative result was attributable to the slow rate of perfusion, and that it would have 
taken many hours to wash out an appreciable fraction of the sodium in the very large extracellular 
space of the tissue. It is, of course, much easier to introduce small amounts of drugs by perfusion, 
than to remove substances already in the slice. 


The effect of applying potassium-rich solutions 
The depolarizing effect of potassium is a familiar phenomenon, which is 
generally accepted as evidence that the resting potential in excitable tissues 
arises wholly or partly from the difference in concentration of potassium ions 
on the two sides of the membrane (Hodgkin, 1951). It was obviously im- 
portant to see whether the resting potentials of the electroplates were reduced 
by the application of potassium-rich solutions, but it was clear even before 
trying the experiment that the nature of the preparation might make it hard 
to obtain satisfactory results. As the potassium concentration could only be 
changed on one side of the electroplate at a time, it was plainly impossible to 
avoid setting up a net potential difference across the electroplate, which would 
cause a steady flow of current through it. Whichever face was depolarized, 
this would offset the depolarization, and would simultaneously depolarize the 
opposite face—thus tending to equalize the two resting potentials. Moreover, 
the experiments could not be done very quickly, owing to diffusion effects, 
and a long-lasting passage of current in either direction might be expected to 
have deleterious consequences. It turned out that these misgivings were not 
entirely unjustified. 
Tasxz 7. The effect of altering the external potassium concentration 


Resting tial Action potential Duration Time 
(m (mV) (msec) a (min) for 
A B Cc A B Cc A B Cc (») B C 
10 mm potassium to nervous face 
83 73 150 1 
81 160 18% 12 20 23 £22 1000 1 3816 
82 73 «87 160 1 13 150 1 815 
73 73 4M.) 650 6-18 18 
25 mm potassium to nervous face 
92 10 1%. 18 1100 12 
79 56 80 157 #%108 13858 #627 «+16 28 1000 16-24 21 
10 m™ potassium to non-nervous face 
93 750 1 16 
94 92 140 «135 «626 2-5 1450 
93 68 77 146 27° 800 1 15 
78 6 7723 110 16 «15 600 3-19 30 
89 156 185 1190 189 #38 #17 400 9 16 


A, in normal Ringer at start; B, in high potassium; C, normal Ringer restored. The figures 
bracketed together are for electroplates in the same slice. 


Table 7 shows the results of washing electroplates with solutions containing 
twice (10 mm) and five times (25 mm) the normal amount of potassium (the 
extra potassium being additional to the usual constituents of the Ringer, not 
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substituted for sodium). There was almost invariably a drop in the resting 
potential which was, as a rule, at least partially reversible. There was also 
a fall in the action potential, usually somewhat greater in extent, together 
with a reduction in its duration. The original size was seldom recovered on 
restoring normal Ringer, and nearly half the electroplates tested were in the 
end either inexcitable or giving very small spikes. The figures for eight 
electroplates whose condition deteriorated seriously have been omitted from 
the table; their resting potentials fell by rather more than the averages given 
below. One electroplate failed to show any effect other than a slight shortening 
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Fig. 14. The effect on the resting and action potential of washing the nervous face of an electro- 
plate with a Ringer’s solution containing five times the normal amount of potassium. Depth 
of unstirred layer 100. Temperature 25° C. 


of the spike, probably because it was protected by an exceptionally deep 
(1450 4) unstirred layer. Fig. 14 shows the time-course of the potential changes 
in one of the better experiments—better in the sense of being properly 
reversible—and provides some indication that the times allowed both for the 
development of the effect, and for recovery, were adequate. This was further 
confirmed in three other experiments of the same type, and by calculations 
based on the curves given in Fig. 13. 

When the potassium concentration was twice normal, the average reduction 
in resting potential was 10-9 mV for the nervous face and 12-4 mV for the 
non-nervous face. With five times the normal potassium the nervous face was 
depolarized by 25-3 mV. The observed drops in potential were thus appreciably 
smaller than the theoretical changes given by a potassium electrode (58 log,, 2, 
or about 17 mV, for a doubled potassium concentration), but at these relatively 
low potassium concentrations other excitable tissues have been shown to 
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behave in the same way (see Hodgkin, 1951). The depolarizations may also 
have been partly suppressed by current flow. No measurements were made of 
the net voltages across electroplates treated with high potassium on their 
nervous faces, but those exposed on the other face had an average of only 
+2 mV across them in two of the experiments, and no measurable potentials 
in the remainder. This implies that there may have been appreciable current 
flow, or alternatively that enough potassium may have escaped into the 
extracellular spaces beneath the electroplates—either by diffusion or carried by 
current—to depolarize their inner as well as their outer faces. 

As the action potentials did not recover fully in normal Ringer it was 
difficult to decide precisely how much they were reduced in the potassium- 
rich solutions. Furthermore, part of the reduction might have resulted from 
a rise in threshold coupled with a tendency not to give an absolutely all-or- 
none response (see p. 332), since the stimulus strength was not always increased 
during the experiment. However, in the four cases where the final recovery 
was most complete, the mean decrease in spike size was nearly equal to the 
mean decrease in resting potential, which suggests that the overshoot of 
the action potential was not greatly affected by changing the potassium 
concentration. | 


Propagation of the action potential along the electroplates 

From the findings discussed on the preceding pages, it was clear that the 
mechanism which generated the action potentials of the electroplates had 
much in common with that responsible for the propagated activity of nerve 
and muscle fibres. It thus seemed possible that, given suitable conditions, 
the nervous face of an electroplate might be capable of conducting an impulse. 
This expectation was verified in several experiments of the kind illustrated 
in Fig. 15. 

Slices were cut from the organ of Sachs in two rather large eels, at the level 
where the electroplates were longest. They were divided in two along the 
central septum, so as to leave intact all the electroplates on one side. They 
were then mounted in the dish with the upper silver grid covering the whole 
surface as usual, but with the lower silver plate displaced sideways so that it 
only overlapped the electroplates for 1 or 2mm at their extreme ends. The 
membrane potentials were recorded in the normal way with two microelectrodes 
close together, at various points along the electroplates, distances being read 
off on the scale provided on the mechanical stage (see Fig. 1). As Fig. 15 
shows, when a liminal shock was applied to the lower plate, the action potential 
arose with a delay which increased linearly with distance from the stimulated 
end. 

The simplest interpretation of this experiment is that the spike was being 
propagated along the electroplate in a fashion directly analogous to conduction 
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in a nerve fibre, activity at one point affecting the next by local circuit action, 
and so on. But before it can be accepted, two alternative explanations must 
be considered. First, the stimulating current must have spread beyond that 
end of the electroplate at which it was applied, and it might be argued that in 
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Fig. 15. Tracings showing the result of stimulating an electroplate with a liminal shock at one 
end only (in this case the central end), and recording through the nervous face at various 
points along it. Each record has been traced so that its base-line would cross the ordinate 
axis at a point corresponding to the distance of the electrodes from the stimulated end. The 
actual distances are given (in mm) against the curves. Abscissa: time in msec from beginning 
of stimulus artifact. The recorded resting potential varied between 80 and 86 mV at the 
different places. Temperature 22° C. 


fact the membrane was excited in every place by the original shock, the 
increased delay resulting merely from progressive attenuation of the current 
reaching the more distant parts. However, great care was taken to set the 
shock strength as close as possible to its threshold value, and it is unlikely 
that a stimulus only just able to produce a response in the membrane im- 
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mediately above the lower plate could also have excited the peripheral end of 
the electroplate, where it must have been well below threshold. Moreover, 
the delay in the appearance of the spike at the far end was as much as 14-3 msec 
in one experiment, while the greatest delay ever observed when the whole 
nervous face was stimulated with a short shock was about 3 msec at thres- 
hold. Nevertheless, the spread of stimulating current could certainly have 
spoiled the experiment, because it was found that with a large enough shock 
the delay could be reduced to zero, or to any intermediate value, all the way 
along the electroplate. | 

The second possibility is that the spike might have been propagated 
indirectly, by excitation of the nerve endings at each point in succession. 
This could best have been examined, though unfortunately the test was not 
made, by seeing whether a curarized slice was capable of conducting an 
impulse. However, the indirect response was rather difficult to set up at the 
very low repetition rates—under 1/sec—employed in this experiment, and 
Altamirano-Orrego, Coates, Grundfest, Nachmansohn & Wilson (1952), working 
with nerve-organ preparations, have even reported single shock nerve stimu- 
lation to be relatively ineffective, though two shocks close together produced 
a discharge. It therefore seems improbable—but, until further work has been 
done, not impossible—that the spike could have been propagated as a wave 
of indirect responses. 

The effective conduction velocity in the experiment of Fig. 15 was 2-2 m/sec. 
In three other experiments it was 1-4, 1-4, and 1-6 m/sec, giving an overall 
average of 1-7 m/sec. The lengthening of the spike at the stimulated end was 
observed in every case, but elsewhere in the electroplate there was not much 
variation in its shape or size. Except in one experiment (see legend for Fig. 15), 
we neglected to note which end of the electroplate was stimulated. 


DISCUSSION 


There has been much dispute as to the origin and localization of the electro- 
motive force in the electric organ. Forty years ago, Bernstein (1912) put 
forward the idea that there might be a semi-permanent polarization of both 
faces of the resting electroplate, the discharge being produced by a momentary 
collapse of the potential across the innervated face. But the repeated failure 
of all efforts, using external electrodes, to detect any appreciable resting 
potentials, made it difficult to accept this hypothesis, and a variety of more or 
less plausible schemes were proposed to supplant it (for references see Fessard, 
1946). The results illustrated in Figs. 4-6 now prove beyond reasonable doubt 
that Bernstein’s suggestion was basically correct, at least for Electrophorus— 
since it remains to be seen whether or not the electric organs of Torpedo and 
other electric fishes function in the same way. It only has to be modified in 
that the potential across the nervous face does not just disappear, but.is 
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actually reversed by well over 60mV. On the question of localizing the 
membrane potentials, little more need be said, and the diagram in Fig. 7 can 
be left to speak for itself. 

Because of the embryonic derivation of the electric organ from muscle, 
except in the case of Malapterurus (Biedermann, 1898), and of the extensive 
evidence that a cholinergic mechanism is involved in its working (Feldberg, 
Fessard & Nachmansohn, 1940; Feldberg & Fessard, 1942), it has become 
customary to regard the electroplate as a modified motor end-plate (see, for 
example, Prosser, 1950, and Davson, 1951). However, a comparison of the 
properties of the electroplates in Electrophorus with those of the motor end- 
plates in frog muscle, recently studied in detail by Fatt & Katz (1951a), 
provokes a query as to the validity of this view. In order to be strictly just, 
the electroplates should be compared with the end-plates in the skeletal muscle 
of Electrophorus itself, but these have never been suitably examined, and it 
will therefore have to be assumed that amphibian end-plates can fairly be 
taken as representative of other vertebrates. One of the crucial points in the 
conclusions reached by Fatt & Katz is that the electric response of the end- 
plate membrane involves a depolarization—i.e. a decrease of the membrane 
potential towards zero, but not an overshoot. In contrast, in the electroplates 
of Electrophorus the potential across the nervous face undergoes a reversal 
during activity which is probably larger than in any other excitable tissue 
(see Hodgkin, 1951, table 1). It follows that it may, after all, be wrong to class 
the electroplate as a specially adapted end-plate. 

It would be unsatisfactory to raise objections to a view which has been so 
widely accepted, and which may yet prove to be correct in the case of Torpedo, 
if it were impossible to reconcile the facts in an alternative and straightforward 
way. But there seems to be no good reason for supposing that the electroplate 
is not simply a much altered muscle fibre. Consider, for instance, the charac- 
teristics of the nervous face: when sufficiently depolarized it responds by 
producing an action potential which overshoots the resting potential; it 
behaves in an approximately all-or-none fashion, giving what appears to be 
a local response for subthreshold shocks; its action potential is abolished when 
there are no sodium ions in the surrounding medium, while its resting potential 
is dependent on the external potassium concentration; its action potential is 
greatly lengthened by cooling, without much change in the extent of the 
overshoot; and, finally, it seems to be capable of conducting an impulse. 
All the items on this list are well-known properties of nerve and muscle 
fibres. Although final conclusions cannot be reached until many of them have 
been studied rather more quantitatively than was possible in the time at our 
disposal, taken together they’ provide moderately strong evidence that the 
membrane of the nervous face is essentially a muscle membrane. The behaviour 
of the non-nervous face is consistent with that of a muscle membrane which 
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has suffered the indignity of losing its excitability —a retrogressive evolutionary 
change which might be relatively easy to achieve. At the same time its normal 
resting permeability to potassium ions (and perhaps to chloride ions as well) 
has apparently been enhanced, so as to enable high currents to pass through 
it without an excessive voltage drop. It seems very likely that the develop- 
ment of papillae on both faces, which considerably increases their effective 
surface area, has the same object. 

There is, of course, evidence that a release of acetylcholine plays a vital part 
in the discharge of the electric organ, but as far as Electrophorus is concerned, 
it can best be explained on the supposition that the nerve endings on the 
nervous face are cholinergic. Nachmansohn, Coates & Rothenberg (1946) have 
shown that in different parts of the electric organ, the voltage produced is 
directly proportional to the amount of cholinesterase present (which is very 
high) despite wide variations in the spacing of the electroplates. Since the 
voltage is also proportional to the number of electroplates per cm, this can be 
interpreted as meaning that the cholinesterase is largely intracellular or closely 
associated with the surfaces, and that each electroplate contains roughly the 
same quantity. However, it seems that cholinesterase may be involved only 
in the indirect response, for Chagas et al. (1951) have found that slices of main 
organ can be perfused with eserine until their esterase activity is almost zero, 
without any diminution of the direct response. There are other and better 
reasons for believing that the-main role of acetylcholine in the electric organ 
is that of a junctional transmitter. Thus Albe-Fessard & Chagas (1951) have 
shown that when the main organ is perfused with curare, its indirect response 
is abolished, but the-direct response is not affected. This observation has been 
confirmed by Altamirano-Orrego et al. (1952), and holds good for perfusion of 
Sachs’s organ as well (Chagas, Keynes & Martins-Ferreira, unpublished). 
Chagas (1952) has also reported that the acetylcholine content of the main 
organ decreases markedly after indirect stimulation, and is resynthesized on 
resting, but is very little reduced by direct stimulation. It is true that, as has 
already been mentioned, our slices of Sachs’s organ treated with acetylcholine 
became depolarized and inexcitable, without apparently giving an initial 
discharge; but this may well be an example of the paralysing effect of too 
much acetylcholine, and a sufficiently rapid injection of much smaller quantities 
really close to the nervous face might give different results. ; 

If we are right in postulating that the response of the nervous face is 
fundamentally ‘similar to the conducted spike in a muscle fibre, then the 
immediate source of the electrical energy dissipated in the discharge is likely 
to be an exchange of sodium and potassium ions across the two faces of the 
electroplate. Experiments on cephalopod axons and other tissues (Keynes & 
Lewis, 1951; Hodgkin, 1951) have shown that during activity the energy used 
in generating the action currents is derived from a net gain of sodium, roughly 
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balanced by a loss of potassium. Arguing by analogy, the principal ionic shifts 
in the electroplate would be an entry of sodium through the nervous face and 
a leakage of potassium through the non-nervous face, though some potassium 
would move out through the nervous face during the falling phase of the spike. 
This sodium-potassium exchange would be reversed during recovery by some 
sort of ionic pump drawing on metabolic sources for its supply of energy. It 
must be admitted that the lack of any direct confirmation that such ionic 
movements do occur in the electroplate, is a serious loophole in our thesis. It is 
also one which will not easily be filled, since the very large extracellular space 
of the electric organ will make it exceptionally hard either to obtain reliable 
figures for the intracellular ionic concentrations, or to measure the ionic 
fluxes during stimulation. 

The energetics of the electric organ have been studied in a large series of 
eels by Nachmansohn, Coates, Rothenberg & Brown (1946). Of the total 
energy available from the observed breakdown of phosphocreatine and forma- 
tion of lactic acid, they found that about 40 % appeared as electrical energy. 
This evidence conforms with that for other excitable tissues (Ling & Gerard, 
1949; Keynes, 1951) in showing that energy-rich phosphate bonds are probably 
the primary source of the chemical energy needed for the process of restoring 
the resting condition after a bout of activity. It must be pointed out, however, 
that in the absence of proof that the resting ionic concentrations had been 
fully restored, the figure of 40 % only sets an upper limit to the overall 
efficiency of the electric organ as a generator of electricity. 


It has already been remarked in the course of this discussion that the — 


electric organs in Torpedo and other fishes cannot be assumed to work exactly 
like that in Electrophorus. Nevertheless, there is a natural attraction in the 
idea that all electric organs derived from muscle—once again Malapterurus 
has to be excepted—are similar in their mode of operation, and it is therefore 
interesting to see how far the information available about Torpedo fits in with 
it. At first sight, the electric organ of Torpedo would appear to depend wholly 
on a cholinergic system. Thus on curarization, or on degeneration of the 
afferent nerves, it becomes totally inexcitable (Fessard, 1946). It shows no 
directional preferences in its excitability, and will under no circumstances 
give an undelayed direct response as Electrophorus does, but.only a spike which 
arises with a minimum latency of about 2 msec (Fessard, 1947; Albe-Fessard, 
19504). It contains a large amount of acetylcholine and of cholinesterase, and 
using eserinized: perfusion fluids it has been possible to demonstrate both an 
electrogenic action of injected acetylcholine, and a release of acetylcholine 
during activity (Feldberg et al. 1940; Feldberg & Fessard, 1942). 

On the other hand, there is some evidence that is possibly more consistent 
with a mechanism of the kind found in Electrophorus, though none of it is 
unequivocal. It has been shown, for example, that the resistance of the 
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electric organ in Torpedo falls during the discharge (Albe-Fessard, 19506), and 
that although it cannot be excited directly, passage of current through it in 
certain directions does reduce the latency for simultaneous nerve stimulation 
(Albe-Fessard & Buser, 1950) and has facilitating effects (Albe-Fessard et al. 
1949). Then Fessard & Tauc (1951) have recently found with microelectrodes 
that the electroplates of Torpedo have a resting potential averaging about 
50 mV. They did not record any action potentials (the extreme thinness and 
close packing of the electroplates make the electric organ of Torpedo technically 
much harder to handle than Electrophorus), and until this has been done, only 
limited deductions can be made from their observation. But thespike produced 
by each electroplate should be about 100 mV (Albe-Fessard, 1950a), and as 
this is twice the resting potential, it is difficult to envisage a discharge 
mechanism which does not involve a reversal of membrane potential across 
the nervous face. Finally, there is the important experiment performed by 
Bernstein & Tschermak (1906), in which they showed that, during the dis- 
charge, the electric organ of Torpedo absorbs a quantity of heat roughly equal 
to that produced by the electric currents flowing in the internal and external 
resistances of the system. They regarded this, quite justifiably, as confirmatory 
evidence that the immediate source of energy fog the discharge was an ionic 
exchange rather than a chemical reaction, since in the former case the move- 
ment of ions from concentrated to dilute solutions would have caused enough 
cooling just to offset the total heat arising from current flow, whereas in any 
likely chemical reaction the ratio of heat evolved to free energy change would 
probably not have been much less than unity (Hodgkin (1951), points out that 
for the conversion of ATP to ADP it is 1-2). These measurements of heat 
production, which should certainly be repeated for Electrophorus, do not, all the 
same, rule out the possibility that in Torpedo the electroplates might work by 
a non-selective ionic exchange through the nervous face, as suggested by 
Fatt & Katz (1951a@) for motor end-plates, rather than by a specific sodium- 
potassium exchange. 

Although the question of the discharge mechanism in Torpedo must, there- 
fore, be left for future research to decide, it may be worth making a somewhat 
tentative suggestion to explain the differences between the two species. 
Biedermann (1898) states that in Torpedo the terminal nervous arborization 
closely covers the entire surface of the electroplate, while Couceiro & Akerman 
(1948) have shown that in Electrophorus the nerve endings, though widely 
distributed, occupy only a small fraction of the total area of the nervous face. 
The acetylcholine contents of the two electric organs are : similarly contrasted, 
that of Torpedo being 40-100yg/g fresh tissue (Feldberg & Fessard, 1942), 
whereas Electrophorus contains less than 5yug/g (Chagas, 1952). It may be 
that they discharge in more or less the same manner, but that in Torpedo an 
end-plate type of membrane largely predominates over a relatively small 
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area of muscle-type membrane, and that in Electrophorus the situation is 
reversed. | 

In conclusion, of the many unsolved questions connected with the working 
of the electric organ, one in particular inevitably occurs to anyone pre- 
occupied, as we were, with the organ of Sachs. This is the problem of its 
physiological function. It is. so sharply differentiated from the main organ by 
the increased spacing of its electroplates that it must surely serve some purpose 
other than merely reinforcing the discharge of the main organ. Coates, Cox & 
Granath (1937) found that the small pulse which generally precedes a group of 
four full-sized ones in the eel’s natural discharge (Albe-Fessard, 1950a) seemed 
to originate in the more posterior part of the fish, and suggested that it might 
be generated exclusively in the organ of Sachs. But some doubt is cast on this 
idea by the observation of Albe-Fessard, Chagas, Couceiro & Fessard (1951) 
that the small wave persisted in the anterior segments of the main organ even 
after Sachs’s organ had been put out of action by transecting the spinal cord 
above it. Coates (1950) has since ascribed an altogether different role to the 
organ of Sachs, proposing that it is the transmitter for a direction-finding 
system which enables the eel (whose eyes have degenerated) to find its way 
about and locate other fishgThis possibility has now acquired fresh interest in 
view of Lissmann’s (1951) discovery that Gymnarchus niloticus and certain 
other fishes (including Gymnotus carapo, a South American species closely 
related to Electrophorus) make use of electrical pulses to detect objects close 
to them in the water. We have repeated some of Lissmann’s experiments, as 
described in a recent popular article (Keynes, 1952), and have verified that 
Electrophorus is capable of locating electrical conductors placed in the water 
beside it. We also confirmed that the direction-finding pulses arose from the 
posterior part of the electric organ. However, in experiments involving 
transection of the spinal cord we were unable to prove to our complete 
satisfaction that the organ of Sachs was the sole part of the electric organ 
employed as a transmitter. The problem of assigning a function to the organ 
of Sachs is an interesting one which deserves further attention. 


SUMMARY 


1. The membrane potentials in the electroplates of Electrophorus electricus 
were studied with the help of glass microelectrodes filled with 3m-KCl. In 
order to record the action potential faithfully, it was necessary to use two 
microelectrodes, and to measure the difference in potential between their tips 
when they were manoeuvred so as to be close together, but on opposite sides 
of one face of the electroplate or the other. Most of the experiments were done 
with slices of tissue cut from the organ of Sachs, where the electroplates are 
conveniently spaced some distance apart. 
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2. In the electroplates of the organ of Sachs there was an average resting 
potential, at 24° C, of 84 mV across each face, the inside of the cell being 
negative with respect to the outside. On stimulation the nervous (posterior) 
face produced a large spike, at the peak of which the membrane potential was 
reversed by 67 mV. The average duration of the spike, measured at half its 
peak amplitude, was 2:3 msec. The potential across the non-nervous face did 
not alter during activity, except for a passive voltage drop of a few millivolts 
resulting from the flow of current through it. In the main electric organ the 
membrane potentials were similar, but the spikes were slightly smaller and 
appreciably shorter. 

3. In the resting condition there was therefore no net potential across the 
electroplates, but during activity the voltages across the opposite faces added 
together, each electroplate contributing 151mV (on open circuit) to the total 
discharge. This discharge mechanism is in essence that originally proposed by 
Bernstein (1912), except that the voltage across the nervous face is reversed 
instead of just falling to zero. 

4. On cooling, the spikes were greatly lengthened (Q,,=2-5), but their 
amplitude changed relatively little. 

5. The condition for eliciting the direct (undelayed) response of the nervous 
face was to apply a brief depolarization. For shocks longer than 20 msec the 
critical depolarization was just under 12 mV. The spike arose in an approxi- 
mately all-or-none fashion, and local responses were observed on subthreshold 
stimulation. 

6. The effective electrical resistance of the nervous face was of the order of 
10 Qem*, There was some evidence that it was reduced during the spike. The 
non-nervous face had a resistance estimated as 0-23 Qcm’. 

7. When the nervous face was treated with an isotonic dextrose solution, 
the action potential was reversibly abolished without any great change in 
resting potential. Choline solutions produced an irreversible inexcitability. 
When applied to the non-nervous face, sodium-free solutions only caused 
a rather slow decline in the size of the spike. 

8. Potassium-rich solutions had a depolarizing effect on both faces of the 
electroplate, which was generally reversible. 

9. When an electroplate was stimulated with a minimal shock at its extreme 
end, it appeared to be capable of conducting an impulse along its whole length, _ 
at an average velocity of 1-7 m/sec. 

10. It is suggested that in Flectrophorus the electroplates should be 
regarded not as modified motor end-plates, but as specially adapted muscle 
fibres, which have retained a normal excitable membrane on one side, and 
have lost their exeitability on the other. 
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EXPLANATION OF PLATE 


Photomicrographs of sections through the electric organ of Electrophorus, cut in a vertical plane 
parallel to the spinal cord of the fish. A, stained with periodic acid and Schiff’s reagent, showing 
the junction between the main organ and the organ of Sachs. B, a thicker section, magnification 
about five times greater, photographed with dark ground illumination, showing the papillae on 
the non-nervous face particularly well. 
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DISTRIBUTION OF 5-HYDROXYTRYPTAMINE 
(SEROTONIN, ENTERAMINE) IN THE WALL 
OF THE DIGESTIVE TRACT 
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Dalgliesh, Toh & Work (1952) have shown that two substances are responsible 
for the ‘enteramine activity’ produced on the rat’s atropinized colon by 
acetone extracts of gastro-intestinal mucosa. The substance responsible for 
the main part of activity was identified as 5-hydroxytryptamine; the other 
principle has not been isolated but appeared to be another related indole 
derivative. This identification of 5-hydroxytryptamine in gastro-intestinal 
mucosal extracts confirms a suggestion made by Erspamer that the enteramine 
activity of such extracts and of those of the posterior salivary glands of octopus 
and of skin of amphibia are due to the same active principle. This was isolated 
from the latter sources and identified as 5-hydroxytryptamine (Erspamer & 
Asero, 1951, 1952). 5-Hydroxytryptamine has also been isolated from ox 
serum under the name of serotonin (Rapport, 1949). 

The present paper deals with the assay of extracts containing 5-hydroxy- 
tryptamine and substance P and the distribution of 5-hydroxytryptamine in 
the gastro-intestinal wall. 

The atropinized rat’s colon provided a sensitive preparation for assaying 
tissue extracts for 5-hydroxytryptamine in the presence of acetylcholine, 
histamine and substance P. The guinea-pig’s ileum under atropine and 
mepyramine contracted to 5-hydroxytryptamine and substance P, but could 
be rendered insensitive to 5-hydroxytryptamine by tryptamine (Gaddum, 
1952); it could then be used for the assay of substance P in the presence of 
5-hydroxytryptamine. 


* Singapore, Colonial Development and Welfare Scholar. 
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METHODS 
The rat’s colon and the guinea-pig’s ileum were suspended in 18 ml. baths. In order to reduce 
spontaneous activity of the rat’s colon, the Ca++ content of the bath fluid was reduced and its 
temperature kept at 22-24° C. The method has been described by Dalgliesh ef al. (1952). The 
guinea-pig’s ileum was suspended in 18 ml. Tyrode solution at 34° C and, to render the preparation 
insensitive to acetylcholine and histamine, 0-4 »g atropine sulphate and | pg mepyramine maleate 
were added to the bath fluid each time it was renewed. To render the preparation insensitive to 
5-hydroxytryptamine, 200 ug tryptamine hydrochloride were added to the bath and kept in it 
until the tryptamine contraction had passed off. Sometimes another 200 ug were added after 
2-3 min, to see if the preparation had become insensitive to the stimulating action of tryptamine 
itself or of 5-hydroxytryptamine. When this condition was attained, 200ug tryptamine were 
added to the bath fluid each time it was renewed. 
A standard powder of substance P was prepared according to the method described by Euler 
(1942) with slight modification introduced by Dalgliesh ef al. Substance P activity is expressed 
in mg of this standard preparatién. The 5-hydroxytryptamine activity was assayed against a 
preparation of serotonin creatinine sulphate which was kindly supplied to us by Dr R. K. Richards 
of Abbott Laboratories. Only about 50% of the serotonin complex consists of the base. The 
figures given for 5-hydroxytryptamine in this paper refer to the base and not to the complex. 
Acetone and acid-water extracts of tissue. The tissue was cleaned in running tap-water, dried as 
far as possible over blotting-paper and weighed. It was then finely minced with a pair of curved 
scissors. Acetone extraction was carried out by adding 4 ml. of acetone to each gram of the minced 
tissue. The extraction was allowed to continue overnight in the cold at about 2° C. The acetone 
extract was filtered off and the solid residue washed 2-3 times with small volumes of fresh acetone. 
The combined filtrates were evaporated to dryness in vacuo below 35° C. The dried material was 
taken up in distilled water, so that 1 ml. solution would correspond to 500 mg fresh tissue, and 
then assayed. 
Acid-water extraction was carried out by adding 1 ml. x-HCl+4 ml. distilled water to each 
gram minced tissue and boiling for 2 min. The extract was cooled, neutralized with s-NaOH and 
centrifuged.. The supernatant fluid was decanted off and used for the assays. 


RESULTS 


Assay of tissue extracts against 5-hydroxytryptamine 
When acetone extracts of the gastro-intestinal wall were assayed against 
5-hydroxytryptamine on the rat’s atropinized colon and on the guinea-pig’s 
ileum which had been rendered insensitive to acetylcholine and histamine by 
atropine and mepyramine, the values obtained in both assays varied. The 
greatest differences were obtained with extracts from the gastric mucosa of the 
rabbit. Table 1 shows the differences for two experiments in which acetone 


atropinized colon (Co) and on the guinea-pig’s ileum after atropine and mepyramine (Il) in 
hydroxytryptamine 


terms of 5- 
5-Hydroxytryptamine in mucosa 
(Co) (I) (Co) 


Expt. 10 22-2 

Expt. 2 7-5 16-7 1-25 8-3 
PR. OXIX. 23 
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extracts of gastric mucosa of the body and pyloric region were assayed against ; 


5-hydroxytryptamine. The values obtained on the guinea-pig’s ileum pre- 
paration were between 2 and 23 times higher than those obtained on the rat’s 
colon. It could be shown that the effect on the guinea-pig’s ileum was not 
entirely due to 5-hydroxytryptamine nor to related indole derivatives for the 
following reason. 

Gaddum (1952) has shown that the ‘tryptamine receptors’ of the guinea- 
pig’s ileum can be rendered insensitive to 5-hydroxytryptamine by keeping 
large doses of tryptamine in the bath in which the guinea-pig’s ileum is 
suspended. In this condition, the acetone extracts of the gastric mucosa still 
show a contractile activity on the ileum. This is illustrated in Fig. 1. In (a) it 
is seen that 1 ug 5-hydroxytryptamine corresponded to about 45 mg mucosa of 
the body and 35 mg of the pyloric region. After treating the preparation with 
tryptamine (b and c) it became insensitive to 2g 5-hydroxytryptamine but 
still contracted to extracts equivalent to 70 mg pyloric and 90 mg fundus 
mucosa respectively. 


F 
mg 
Fig. 1. Guinea-pig’s ileum in 18 ml. Tyrode solution containing 0-4 ug atropine sulphate and | yg 


mepyramine maleate. Effects of acetone extracts of body (F) and pyloric region (Py) of 
rabbit's gastric mucosa; same experiment as no. 1, Table 1. 8, 5-hydroxytryptamine 


(serotonin); T, tryptamine. In (a) 5-hydroxytryptamine and extract kept in bath for 1 min; 
in (6) and (c) tryptamine, 5-hydroxytryptamine and extract added successively and kept 
in bath until washed out at z. 


In corresponding experiments with acetone extracts of the wall of the dog’s 
digestive tract, the differences in the values obtained on the rat’s colon and the 
guinea-pig’s ileum were less pronounced and sometimes absent. 

The substance in acetone and acidified water extracts which stimulated the 
guinea-pig’s ileum in the presence of tryptamine is probably substance P, the 
presence of which apparently did not interfere with the assay for 5-hydroxy- 
tryptamine on the rat’s colon. For this reason, 5-hydroxytryptamine was 
assayed on the rat’s atropinized colon only. Its sensitivity to 5-hydroxy- 
tryptamine varied in different experiments. Good contractions could be 
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obtained with 0-2-0-4yug; usually the preparations became more sensitive in 
the course of a prolonged assay, so that they sometimes contracted to 0-02 or 
0-04 wg 5-hydroxytryptamine. 

It was occasionally observed that the contraction obtained with the crude 
acetone extracts was stopped short after about 30 sec and that the muscle then 
relaxed, but when the extract was subsequently washed out, the muscle started 
to contract again. This was a true after-effect produced by the extract, because 
in its absence renewal of the bath fluid by itself never produced an effect of this 
sort. It is best explained by assuming the presence of an inhibitory substance 
in the crude extracts, the effect of which, however, quickly subsides after 
washing out, whereas the action of 5-hydroxytryptamine persists for a certain 
time. 

The atropinized rat’s colon also contracts to the standard preparation of 
substance P but is not very sensitive to it. Furthermore, the contraction 
produced by substance P shows a characteristic difference from the 5-hydroxy- 
tryptamine contraction. The latency with substance P is longer; contraction 
starts only 60-90 sec after its addition to the bath. A similar latency had been 
observed by Euler (1936) with substance P on the isolated duodenum of the 
mouse. In addition, the colon, when contracted by substance P, relaxes more 
slowly after washing out than when contracted by 5-hydroxytryptamine. — 

The relative insensitivity of the atropinized rat’s colon to substance P, and 
the different time course of its contraction to substance P in comparison to 
that to 5-hydroxytryptamine, are probably the reasons why the presence of 
substance P in our extracts did not appear to interfere with the assay for 
5-hydroxytryptamine. 


Content of 5-hydroxytryptamine wn the wall of the digestive tract 

Acetone extracts contain, apart from 5-hydroxytryptamine, small amounts 
of a related substance acting similarly on the rat’s colon (Dalgliesh et al. 1952). 
In the following experiments the total activity of the extracts on the rat’s 
colon was expressed in terms of 5-hydroxytryptamine; this has to be kept in 
mind when assessing the results obtained. 

Dog’s digestive tract. 5-Hydroxytryptamine is not uniformly distributed in 
the different layers of the wall and in the various sections of the digestive tract. 
The mucosa is richest in 5-hydroxytryptamine; the muscularis externa con- 
tains only traces. In the mucosa the pyloric region of the stomach usually 
yielded the highest values and the oesophagus contained only traces. This is 
shown in Tables 2 and 3. 

In Table 2 the distribution of 5-hydroxytryptamine in the various regions of 
the mucosa is shown. In the first four experiments the samples were assayed 
against an arbitrary standard acetone extract of dog’s intestinal mucosa and 
the activity expressed as percentage of the most active sample. Expts. 5 and 6 
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were assayed against 5-hydroxytryptamine, and the absolute values for these 
two experiments are given in Table 3 which includes values for submucosa and 
muscularis externa. In one experiment the superficial and deep layer of the 
duodenal mucosa were extracted and assayed separately. The deep layer 
containing the base of the glands contained about 2} times as much 
5-hydroxytryptamine per gram fresh tissue as the superficial layer. 

In one experiment acid-water extracts from the mucosa of the stomach and 
duodenum were assayed against 5-hydroxytryptamine. The results are given 


Tasxz 2. Distribution of 5-hydroxytryptamine activity in the mucosa of the dog’s 
digestive tract. Values expressed as percentage of the most active region 


Expt. A 


No. Ocesophagus Body Pylorus Duodenum Jejunum  [Ileum Colon 
1 _ 60 68 68 100 75 36 
2 — 25 100 13 16 13 13 
3 — 50 100 75 54 50 50 
4 — 25 100 40 33 40 40 
5 6 50 100 87 40 50 68 
6 60 96 100 80 61 
TaBie 3. Content of 5-hydroxytryptamine in acetone extracts of dog’s digestive tract 
5-Hydroxytryptamine in yg/g fresh weight 
Submucosa plus Muscularis 
Mucosa muscularis mucosae externa 
Region Expt.5 Expt.6 Expt.5 Expt.6 Expt.5 Expt. 6 
Stomach body 5 5 _ 0-08 _ 0-015 
Stomach 10 8 _ 0-15 —_ Traces 
Duodenum 8-7 8-3 — 0-2 — 0-15 
_Tleum 5-1 5-7 — 


TaBLe 4, Assay of acid-water extracts of mucosa for 5-hydroxytryptamine, histamine and 
substance P. Substance P assayed on guinea-pig’s ileum before and after treatment with 


Assay 

on guinea-pig’s 
5-Hydroxy- 
Mucosal tryptamine Histamine Before After 

extract from in pg/g in pe/g tryptamine tryptamine 
Stomach body 5-2 80 About 7 0 
Stomach 9-8 46 20 x 
Duodenum 3-2 74 55 45 


in Table 4. It will be seen that the values obtained are of the same order as 
those obtained with acetone extraction and, again, that the pyloric region of 
the stomach yielded the highest value. 

Mucosa of rabbit's stomach. The distribution of 5-hydroxytryptamine in the 
stomach is different in the rabbit and in the dog. In the dog, pyloric mucosa 
yielded higher values than the mucosa of the body. In rabbits Erspamer (1940) 


obtained the opposite result. This we have been able to confirm, as seen from — 
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the experiments given in Table 1. The values for the mucosa of the body of the 
rabbit’s stomach are of the same order (7-5-10g/g) as those for the pyloric 
mucosa of the dog (8-10 g/g). 

In Expt. 1 of Table 1, the mucosa of the body of the stomach after extraction 
with acetone was re-extracted with distilled water (pH of extract 7); the 
activity of the aqueous extract was less than 0-4yug 5-hydroxytryptamine/g 
tissue, which shows that the acetone extraction had removed almost all 
5-hydroxytryptamine. 


Assay of tissue extracts against substance P 
The fact that both 5-hydroxytryptamine and substance P contract the 
guinea-pig’s ileum which has been rendered insensitive to acetylcholine and 
histamine has to be kept in mind when this preparation is used for the assay 
of tissue extracts which may contain substance P as well as 5-hydroxy- 
tryptamine. This preparation has, for instance, been used in preliminary 


- experiments for the assay of substance P by Douglas, Feldberg, Paton & 


Schachter (1951). They obtained extremely high values when assaying their 
acid-saline extracts of the dog’s gastro-intestinal wall in this way. The activity 
of one extract of duodenal mucosa corresponded to 330 mg substance P per 
gram tissue. The authors themselves suggested that these high values were 
probably erroneous and due to activity of substances other than substance P. 
In fact, it was suggested that enteramine (5-hydroxytryptamine) was present 
in the extracts and responsible for the high values obtained. That this was 
probably so is evident from the following experiments in which contractions 
produced by a given dose of substance P in the presence and absence of small 
amounts of 5-hydroxytryptamine are compared. 

In the experiment of Fig. 2a, the addition of 0-2 and 0-4yug 5-hydroxy- 
tryptamine to 1 mg substance P produced contractions slightly larger than 
those obtained by 1-2 and 1-5 mg substance P alone, although these amounts 
of 5-hydroxytryptamine in themselves had little stimulating action. In another 
experiment, 0-2yg 5-hydroxytryptamine plus 0-5 mg substance P produced 
an effect given by 1-25 mg substance P alone. 

These results suggest that in order to assay tissue extracts for substance P 
in the presence of 5-hydroxytryptamine, the guinea-pig’s ileum preparation 
must first be rendered insensitive to any 5-hydroxytryptamine that may be 
present. For this purpose tryptamine was used. 

Tryptamine itself has a stimulating action on the guinea-pig’s ileum rendered 
insensitive to acetylcholine and histamine. The contraction is not sustained, 
and relaxation sets in although the tryptamine remains in the bath. During 
the relaxation spontaneous contractions often appear or become stronger, as 
seen in Fig. 4. When the preparation has relaxed, it no longer contracts either 
to further doses of tryptamine or to 5-hydroxytryptamine. This was first 
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shown by Gaddum (1952). In addition, the tryptamine produces the following 
changes: (1) an increase or appearance of spontaneous, small contractions; 
(2) an increase in the stimulating effect of substance P. 


(a) 
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Fig. 2. Contractions of guinea-pig’s ileum in 18 ml. Tyrode solution containing 0-4 yg atropine 
sulphate and 1 mg mepyramine maleate. In (5), (c) and (d) Tyrode solution contained 200 pg 
tryptamine as well. 5-Hydroxytryptamine (8) and substance P (P) left in the bath for 1 min 
and given at 5 min intervals, In (6) 20 min, in (c) 40 min and in (d) 95 min had elapsed since 
tryptamine was first added to the Tyrode solution. 


(a) (c) (d) 
P P 
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Fig. 3. Guinea-pig’s ileim in 18 ml. Tyrode solution containing 0-4 ug atropine sulphate and 1 pg 
mepyramine maleate. 0-25 yg 5-hydroxytryptamine (8) and 1 mg substance P (P) given at 
5 min intervals and left in the bath for 90 sec. 0-2 mg tryptamine (T) added to bath and 
maintained in the bath until the end of (d), when the amount of tryptamine was increased to 
2 mg at (e). At (d) 80 min had elapsed since the beginning of the tryptamine treatment. 
At (x) the bath fluid was renewed whilst the drum was stopped. 


The experiment of Fig. 3 illustrates the appearance of spontaneous con- 
tractions and the augmentation of the substance P contraction after treat- 
ment with tryptamine. In this experiment the effects of 1 mg substance P 


corresponded to that of 0-25ug 5-hydroxytryptamine, 200yg tryptamine 
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caused a transient contraction and thereafter small, spontaneous contractions 
occurred and the effect of 1 mg substance P was greatly enhanced, whereas 
5-hydroxytryptamine had become ineffective. The increased sensitivity to 
substance P declines gradually in the course of 1 hr, after which practically 
identical responses can be obtained with the same dose of substance P on 
repeated administration. If the dose of tryptamine is now increased to 2 mg, 
the effect of substance P becomes depressed and remains depressed as long 
as the high concentration of tryptamine is retained in the bath. Washing out 
the tryptamine leads to only partial recovery of the sensitivity to substance 
P and, if a small dose (0-2 mg) of tryptamine is given later, some sensitization 
to substance P cate occurs. 


HHA TT HHH HH HTT HHH P 


atropine sulphate. H=0-075yug histamine, kept in bath for 20sec and given at 90 seo 
intervals. P= 1 mg substance P, kept in bath for 60 sec. T = 200 ug tryptamine which in the 
second experiment was kept in the bath till the end of (d), and in the first experiment till the 
end of (a), when the amount was increased to 600 ug and kept in the bath till the end of (0). 


The sensitization to substance P by a relatively small dose of tryptamine 
(200g) also occurs in the absence of mepyramine when the preparation is 
sensitive to histamine. The sensitivity to histamine, however, remains 
practically unchanged in this condition, as illustrated in the two experiments 
of Fig. 4. In the first experiment (Fig. 4a) tryptamine increases the spontaneous 
contractions without altering the sensitivity of the preparation to histamine. 
When the dose of tryptamine is increased, the sensitivity to histamine, how- 
ever, becomes depressed (Fig. 45). The second experiment (Fig. 4c, d) shows 
the increase in sensitivity to substance P but not to histamine. 

The importance of rendering the guinea-pig ’s ileum preparation insensitive 
to 5-hydroxytryptamine when assaying in its presence for substance P is 
illustrated by the experiment of Table 4, which gives the results of assays of 
acid-water extracts prepared from mucosa of the dog’s stomach and duodenum. 
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The content of 5-hydroxytryptamine was first assayed on the rat’s atropinized 
colon. Then the histamine content was assayed on the guinea-pig’s atropinized 
ileum which thereafter was rendered insensitive to histamine by mepyramine. 
The stimulating action still obtainable with the extracts was then assayed 
against substance P before and after tryptamine treatment. The duodenal 
extracts contained relatively little 5-hydroxytryptamine and much substance P. 
The difference in the assay for substance P before and after tryptamine was 
accordingly small. The extracts of the pyloric mucosa contained greater 
amounts of 5-hydroxytryptamine and small amounts of substance P than the 
duodenal extracts. Accordingly, the difference between the values in the assay 
for substance P before and after treatment with tryptamine was much greater. 
In fact, after treatment with tryptamine, the extracts when given alone 
produced no contraction, because the amounts of substance P present were 
too small to be detected in this way. The value of 8 mg/g was obtained by the 
finding that 25 mg extract plus 0-3 mg substance P caused the same small 
contractions as 37-5 mg extract plus 0-2 mg substance P. Therefore the effect 
of 0-1 mg substance P corresponded to that of about 12-5 mg extract. It is not 
certain that the effect of the 12-5 mg extract is actually due to substance P, 
but the extract certainly contained no more than 8 mg substance P per gram. 
In the extracts of the mucosa of the body of the stomach no substance P could 
be detected, even when the assay was performed as with the pyloric extract: 
i.e. in combination with small amounts of substance P. 


DISCUSSION 


The results presented in this paper show that it is possible to assay small 
quantities of 5-hydroxytryptamine and substance P pharmacologically when 
they are both present in tissue extracts. The presence of substance P does not 
interfere, or not greatly, with the assay for 5-hydroxytryptamine on the rat’s 
atropinized colon. 

With this method it was therefore possible to show that the 5-hydroxy- 
tryptamine which is present in the wall of the gastro-intestinal tract is 
practically all derived from the mucosa and that the muscularis externa 
contains only traces. In the mucosa the distribution of 5-hydroxytryptamine 
in different sections of the tract varies in the dog and rabbit. In the dog the 
highest concentration was found in the pyloric mucosa of the stomach, in the 
rabbit in the mucosa of the body of the stomach, The amounts present in the 
mucosa vary between 4 and 10 ug/g. We have to remember, however, that some 
of the activity which was assayed may have been due not to 5-hydroxy- 
tryptamine itself but to a related indole derivative. 

It is interesting to note that apart from occurring in platelets 5-hydroxy- 
tryptamine has been found only in organs which contain a high proportion of 
glandular tissue. This may indicate that one of the physiological functions of 
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5-hydroxytryptamine is concerned with secretory activity. In fact, Bacq, 
Fischer & Ghiretti (1952) have shown that this substance occurs in the saliva 
of perfused octopus salivary glands on nerve stimulation and has a secretory 
effect on these glands. The ability of 5-hydroxytryptamine to stimulate some 
smooth muscles in low concentrations does not necessarily imply a physiological 
role of 5-hydroxytryptamine in smooth muscle activity. 

In order to assay tissue extracts for substance P on the guinea-pig’s ileum 
rendered insensitive to acetylcholine and histamine, it is first necessary to find 
out if the extracts contain 5-hydroxytryptamine as well. In that case the 
extracts can be assayed on the guinea-pig’s ileum after treatment with 
tryptamine. The procedure to be recommended when using an 18 ml. bath 
would be to add 0-4yg atropine, lug mepyramine and 200yug tryptamine to 
the bath each time the fluid is replaced, to leave the extracts in the bath for 
60-90 sec, and to repeat the test every fifth min. Tissue extracts may contain, 
in addition to substance P, other unknown, similarly acting, smooth muscle 
stimulating substances. It would be interesting to know if the amount of 
substance P which is precipitated with ammonium sulphate from crude tissue 
extracts, according to the method used by Pernow (1951), corresponds to the 
activity of such crude extracts when assayed on the guinea-pig’s ileum rendered 
insensitive to 5-hydroxytryptamine, histamine and acetylcholine. 

Our results show, further, that the very high values for substance P 
obtained by Douglas e¢ al. (1951) in preliminary assays of gastro-intestinal 
tissue extracts were, at least in part, due to the additional presence of 
5-hydroxytryptamine. 

The sensitization to substance P which tryptamine induces on the guinea- 
pig’s ileum is peculiar, in that it is not shown by histamine. The fact that the 
guinea-pig’s ileum preparation in this condition also often shows increased 
spontaneous activity, or the appearance of such activity, is interesting in 
connexion with Euler’s suggestion (1936) that substance P is responsible for 
spontaneous activity and might suggest that this increased activity is the 
result of increased sensitivity to the release of endogenous substance P. 
Against this view there is the fact that, with increasing doses of tryptamine 
which depress substance P activity, the spontaneous contractions do not 
always diminish. 


SUMMARY 


1. The 5-hydroxytryptamine content of extracts of gastro-intestinal tract 
of dogs and of the gastric mucosa of rabbits was assayed on the rat’s atropinized 
colon. 

2. The muscularis externa of the dog’s gastro-intestinal tract contains no 
5-hydroxytryptamine, or only traces, whereas the mucosa contains between 
4 and 10ug/g. The highest concentration was usually found in the mucosa of 
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the pyloric region of the stomach; traces were found in the mucosa of the 
oesophagus. 

3. Unlike the mucosa of the dog’s stomach, that of the rabbit's stomach 
contains more 5-hydroxytryptamine in the region of the body than in the 
pyloric region. 

4. The guinea-pig’s ileum rendered insensitive to acetylcholine and hista- 
mine by atropine and mepyramine can be used for assaying tissue extracts for 
substance P activity only if the extracts are free from 5-hydroxytryptamine. 
Otherwise the preparation must first be rendered insensitive to 5-hydroxy- 
tryptamine as well, by continuous treatment with tryptamine. 

5. Tryptamine has a transient stimulating effect on the guinea-pig’s ileum. 
In doses in which it renders the preparation insensitive to 5-hydroxytryptamine, 
it renders the preparation more sensitive to the action of substance P but not 
to that of histamine; in addition, it promotes the appearance of spontaneous 
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TRYPTAMINE RECEPTORS 


By J. H. GADDUM 
From the Department of Pharmacology, University of 
Edinburgh 


(Received 27 August 1952) 


Two groups of investigators have independently isolated 5-hydroxytryptamine 
(HT) from natural sources and demonstrated its great pharmacological — 
activity. Rapport and his colleagues called it serotonin and showed that it was — 
present in extracts of serum and had a powerful vasoconstrictor action on the 
perfused ear of a rabbit (Rapport, 1949). Erspamer and his colleagues called 
it enteramine, and obtained evidence that it was present in extracts of intestine 
and in various marine animals, and had a powerful excitor action on isolated 
plain muscle (Erspamer & Boretti, 1951; Erspamer & Asero, 1952). It has 
also been synthesized (Hamlin & Fischer, 1951; Speeter, Heinzelmann & 
Weisblat, 1951). 

Most of the known actions of HT involve the excitation of plain muscle 
(Rapport, Green & Page, 1948; Reid & Rand, 1951), and bear a qualitative 
resemblance to those of tryptamine (Laidlaw, 1912; Reid, 1951). _ 

The object of the present paper is to present evidence that HT and trypta- 
mine act on.the same receptors in guinea-pig’s ileum. The results were com- 
municated to the British Pharmacological Society in January 1952. 


METHODS 


Isolated pieces of guinea-pig’s ileum were suspended in Tyrode’s solution at 37° C and the move- 
ments of the longitudinal muscle recorded with a lever. Drugs were added in small volumes. 
The drugs used included tryptamine hydrochloride, histamine acid phosphate, atropine sulphate 
and mepyramine maleate. Samples of synthetic 5-hydroxytryptamine creatinine sulphate were 
kindly supplied by Mesars Upjohn and by Messrs Abbott. A preparation of substance P, made by 
the method of Euler (1942), was supplied by Dr Amin. Such preparations are far from ~~:ng 
chemically pure but seem to have only one type of pharmacological effect. The doses of these 
substances, except substance P, are expressed in terms of the base; this accounts for some of the 
odd doses used, since the doses were originally calculated in terms of the salts. The legends give 
the final concentrations in the bath. 
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RESULTS 


Under the conditions of these experiments histamine, tryptamine, 5-hydroxy- 
tryptamine (HT) and substance P all caused contractions of the gut which 
reached a maximum and then fell. With moderate doses the maximum occurred 
in 30-45 sec. There was no obvious difference between the direct effects of these 
drugs. The ratios of the activities varied, but HT was generally less active than 
histamine and 15-300 times more active than tryptamine. The responses to 
tryptamine, HT and substance P were not much affected by concentrations of 
atropine (10-*) and mepyramine (10-’) sufficient to antagonize the effects of 
acetylcholine and histamine. | 


H HT T 4H 100HT 
bs 4.22 4.25 4.28 4.31 440 443 446 4.49 452455 458 51 5.4 5.7p.m. 

ime ‘ 4 


Fig... Guinea-pig ileum in 2-5 ml. Concentrations yg/l.: H, histamine, 20; HT, 5-hydroxy- 
tryptamine, 17; T, tryptamine, 10,000. 4.31-4.50 p.m., a high concentration of HT (1700) 
desensitized the muscle to HT and T but not H. On removing the HT both responses recovered 
together. 


When the dose of HT was increased 100-fold, a large contraction occurred, 
but within 10-15 min the gut relaxed again completely, in spite of the fact that 
the concentration of HT in the bath was maintained by changing the Tyrode’s 
solution several times and replacing the HT. The addition of the original dose 
of HT could now have little effect on the concentration of this substance in the 
bath. Actually, the concentration in the small volume of the solution added 
to the bath was generally less than the concentration in the bath already 
and the net result must have been a small fall in concentration, but such 
additions had no effect on the record. 
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Pieces of gut which had been desensitized in this way to HT gave normal 
responses to histamine, but no response to tryptamine. In the experiment 
shown in Fig. 1 a concentration of 1700 ug/l. of HT for 19 min caused this type 
of specific desensitization. When the fluid in the bath was replaced by ordinary 
Tyrode’s solution, the gut gradually became sensitive again to both HT and 
 tryptamine; the two responses increased at the same rate. 

Fig. 2 shows the results of an experiment in which a large dose of tryptamine 
desensitized the gut to HT. At the beginning of this experiment a concentra- 
tion of 44ug/l. of HT had about the same effect as 1200yg/l. of tryptamine. 
The presence of a high concentration of tryptamine caused a large contraction 


Fig. 2. Guinea-pig ileum in 20 ml. Concentrations pai: T, tryptamine, 1200; HT, 5-hydroxy- 
tryptamine, 44; P, substance P, 5000; 3.24-3.50 p.m., a high concentration of tryptamine 
(40,000) desensitized the gut to HT but not P. The effect was partially reversible. 


which is not reproduced here. After 15 min most of this effect had disappeared, 
but relaxation was still incomplete. At this stage the response to substance P 
was increased but the response to HT had disappeared. When the tryptamine 
was replaced by ordinary Tyrode’s solution the response to substance P 
became less again and the response to HT reappeared, but even after | hr it 
was still less than it had been originally. 

Fig. 3 shows the results of an experiment like that shown in Fig. 2, but with 
a higher concentration of tryptamine. The direct response to this high con- 
centration was comparatively brief and relaxation was complete in 4 min. The 
gut showed much spontaneous activity in this concentration, but gave no 
response to doses of substance P, histamine and HT which had previously been 
effective; the immediate effect of this high concentration was thus unspecific. 
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The responses to substance P and histamine soon reappeared in ordinary 
Tyrode’s solution, but the response to HT did not. At this stage, the inhibition 
was specific. 


P H HT P 

1.13 1.47 1.21 1.25 1.29 1.33 1.37 145 2.14 2.18 2.22p.m™. 
Time 
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4 
Fig. 3. Guinea-pig ileum in 2-5 ml. Concentrations ug/l. : P, substance P, 24,000; H, histamine, 50; 
HT, 5-hydroxytryptamine, 35. 1.29-1.46 p.m., a very high concentration of tryptamine 
(400,000) abolished the response to all three substances. Later the responses to P and H 
recovered but not that to HT. 


In the experiment shown in Fig. 4 excess of substance P in the bath desen- 
sitized the gut to substance P itself, but not to tryptamine. The response soon 
reappeared in ordinary Tyrode’s solution. 


DISCUSSION 

It is well known that tissues may rapidly become insensitive to a drug when 
exposed to a high concentration. Straub (1907) explained this phenomenon on 
the theory that the action depended on a difference of the concentrations 
inside and outside the tissue, and called such actions ‘potential actions’. 
Later work on this phenomenon has been reviewed by Gremels (1939). 
Barsoum & Gaddum (1935) found that the fowl’s rectal caecum and other 
tissues could be specifically desensitized to histamine by exposure to high 
concentrations of this drug and used this fact as a specific test for histamine. 
Before the advent of antihistamines, it proved a useful test. 

The results recorded here show that excess of tryptamine, 5-hydroxy- 
tryptamine or substance P may produce a similar desensitization of guinea- 
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pig’s ileum. With very high concentrations of tryptamine the effect may be 
unspecific but under suitable conditions the desensitization is, to some — 


P T P T P T 
4.31 4.36 4.41 446 451 4.56 p.m. 
Time 


Fig. 4. Guinea-pig ileum in 2-5 ml. Concentrations mg/l.: T, tryptamine 0-6; P, substance P, 25. 
\ 3.51-4,3 p.m., substance P, 400; 4.3-4.28 p.m., substance P, 200. This desensitized the gut to P 
but not to tryptamine. Below: recovery after washing. 

The fact that excess of tryptamine desensitizes the gut to 5-hydroxy- 
tryptamine and vice versa, suggests that these two drugs act on the same 
receptors. These are not the same as the muscarine-receptors or the histamine- 
receptors, since they are not inhibited by atropine or mepyramine. It is 
} proposed to call them tryptamine-receptors. The action of substance P is 
clearly different and may perhaps involve other receptors. These results 
confirm the view that substance P and 5-hydroxytryptamine are not identical. 
They are likely to help in the identification of pharmacologically active 
substances in physiological fluids and tissue extracts. 


SUMMARY 

1. When a large dose of tryptamine, 5-hydroxytryptamine or substance P 
is applied to a piece of ileum isolated from a guinea-pig, the contraction which 
it produces disappears in a few minutes in spite of the continued presence of 
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the drug in the bath. This phenomenon is like that observed by Straub in his 
work on the potential actions of drugs. 

2. When the gut is desensitized in this way by excess of tryptamine, it is 
also insensitive to 5-hydroxytryptamine (and vice versa), but may still respond 
normally to other drugs. These two substances are therefore thought to act on 
the same receptors. _. 

3. The effect of excess of substance P is also to some extent, specific. 

4. These facts. may aid in the pharmacological analysis of tissue extracts. 
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THE COEFFICIENT OF EXPANSION OF MUSCLE 


By D. R. WILKIE, Locke Research Fellow 


From the Department of Physiology, University College, London 
(Received 24 June 1952) 


The change in volume of muscle with temperature is of interest for two 
reasons: 

(1) Studies of the long-range elasticity of resting muscle (see Hill, 1952) 
have hitherto been confined to the relation between length, tension and 
temperature. The volume changes which accompany changes in tension and 
temperature have been disregarded even though thermal expansion is known 
to be the cause of the thermoelastic reversal found in rubber at low extensions 
(see Treloar, 1949). 

(2) As Adair & Adair (1947) have shown, measurements of the density of 
protein solutions under various experimental conditions yield interesting 
information about the effect of these conditions on the physico-chemical state 
of the protein. | 

METHOD 


The method is based on determinations of the apparent weight of the muscle 
when it is completely immersed in a bath of Ringer’s solution whose tempera- 
ture can be varied. The apparatus used is shown in Fig. 1. The muscle was 
weighed on a sensitive torsion balance consisting of a 15 cm lever of piano 
wire attached by a miniature screw clamp to a fine band of phosphor-bronze: 
the elastic properties of phosphor-bronze are much impaired if the band is 
soldered. The deflexion of the torsion band was magnified by an optical lever 
4 m long, the final sensitivity being 1 cm for 0-22 mg, readable (and stable 
over a period of 4 hr) to 0-1 cm. 

The muscle was suspended from the apparatus by a single nylon filament 
about 12m in diameter teased from nylon parachute cord and capable of 
~ supporting about 5 g. It is important to use a very fine suspension in order to 
eliminate the effect of surface tension at the nylon-air-Ringer interface. Since 
this interface is only 38 in circumference the effect of variation in surface 
tension with temperature is negligible. Control experiments showed that 
temperature change had no effect on deflexion when the immersed muscle was 
replaced by a short length of wire. 
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The muscle used in these experiments was the gastrocnemius of the frog, Rana temporaria. 
This muscle is large and so easy to dissect that there is no risk that air bubbles will lodge under 
the perimysium. All the Ringer’s fluid used had been previously de-gassed. A convenient way to 
do this without altering the concentration of the solution is to boil it in a conical flask, allowing 
only a few seconds for the air to be driven off by steam before the flask is firmly stoppered. The 
solution may then be kept boiling right down to room temperature by dripping cold water on the 
neck of the flask. 


Fig. 1. Apparatus for displacement measurements. 


Great care must be taken to eliminate all air bubbles from the muscle. In order to do this, and 
at the same time to allow the muscle to come to equilibrium with the solution, the dissected muscle 
was stored overnight in nitrogen-free Ringer at 0° C in equilibrium with 100% oxygen. Any small 
oxygen bubbles remaining in the muscle after this treatment would quite soon be removed by the 
resting metabolism of the muscle. 


After transferring the muscle to the inner bath of the displacement apparatus 
and attaching it to the lever, the first deflexion reading was made (Fig. 2, 


point 1). This reading was followed by two others (points 2 and 3) at hourly — 


intervals in order to measure the variation in apparent weight at constant 
temperature. A series of observations were then made at intervals of 10-20 min 
and at different temperatures obtained by changing the water in the outer 
bath, the inner bath being gently stirred. A typical set of observations is 
plotted in Fig. 2 which shows a slow and small diminution in apparent weight 
over a period of hours on which is superimposed a larger and reversible varia- 
tion in apparent weight with temperature. The muscle becomes lighter as the 
temperature rises, heavier as it falls. If one assumes that no material has been 
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_. transferred into or out of the muscle (an assumption which will be discussed 
jp detail later) this result can only mean that the coefficient of thermal 
_ expansion of muscle is greater than that of Ringer’s solution. 
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Fig. 2. The change in upthrust with change of temperature. Single gastrocnemius. The numbers 
indicate the order in which the observations were made. 


Calculation of coefficient of expansion of muscle 


Adopting the following symbols: 
20° C 
Density Ringer (g/ml. D D-8&D 
Volume of muscle (ml.) U/D (0 +8U)/(D -8D) 


Expansion of muscle 0-20° C =(8U +8DU/D)/(D -8D) ml. 


U and 8U can be determined from the graph of upthrust against temperature. 
The manner in which D and 5D were obtained is described in the next section. 


The coefficient of expansion of Ringer’s solution 
The density of Ringer’s solution at 0 and 20° C was measured in the same 
apparatus by substituting for the muscle a small glass float whose mass had 
been adjusted so that it just sank in the solution at 0° C. The relation between 
the apparent weight of the float and temperature is shown in Fig. 3B. The 
whole experiment was then repeated with distilled water in the inner bath 
instead of Ringer (Fig. 3A). At each temperature the two curves of Fig. 3 
give the weights of equal volumes of Ringer and distilled water respectively, 
24—2 
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and from the known density of water the density of Ringer at the same 
temperature may be easily calculated. The effect of temperature on the 
volume of the float is thus eliminated. This effect would in any case be small, 
as the coefficient of expansion of the float can be calculated from Fig. 3A to 
be 2-1 x 10-5 ml./ml. at 0° 0/° C. Expansion of the float is shown qualitatively 
by a shift in the maximum of curve 3A to 6° C from the maximum density 
point at 4° C. 


| 1 
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Fig. 3. The change in upthrust with change of temperature. Glass float in (A) distilled water ; 
(B) Ringer’s fluid. Circles: temperature falling. Crosses: temperature rising. 


ater 


RESULT 
Density of Ringer’s solution at 0° C= D=1-00607 g/ml. Change in density of 
Ringer’s solution 0°—20° C=3D=0-00192 g/ml. The error is unlikely to be 
more than 
+3x10- in D, 
and +6x 10- in 8D. 


An independent estimate of 5D was calculated from the tables of densities 
given in the International Critical Tables (1948), vol. m. The solution used 
contained 0-675 g NaCl, 0-02 g CaCl,, 0-015 g KCl per 100 ml. solution (at 
about 18°C), and by a method essentially of linear interpolation it can be 
calculated that 5D =0-00198 g/ml. 

Experimental result. The single experiment shown in Fig. 2 will be worked 
out as an example. The observations fall reasonably near a straight line in this 
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experiment (and in two others extending down to 0° C) so a collective estimate 
of the slope was made from a straight line drawn in by eye. 
Weight of muscle = 0-3724 g 
Dry weight of muscle = 0-0622 g 
Upthrust on muscle at 0° C= U =0-3532 g wt. 
Change in upthrust 0-20° =0-448 x g wt. 


Substituting these figures in the equation given above; 
Expansion of muscle 0-20° C =1-117 x 10 ml. 


Volume of muscle at 0° C= ... =0-3511 ml. 


therefore mean coefficient of expansion of muscle 0-20° C=0-16 x 10-* ml./ml. 
at 0° C/° C, which, as expected, is greater than the corresponding coefficient 
for Ringer =0-0956 x 10-* ml./ml. at 0° C/°C. The two other experiments 
gave values of the coefficient of expansion of muscle of 0-14x10-* and 
0-18 x 10-* ml./ml. at 0° C/° C. 

This caleulation has been based on the assumption that no material has 
been transferred into or out of the muscle. It is now necessary to discuss the 
experimental evidence on this point. Robinson (1950) has produced evidence 
that the water content of mammalian kidney slices is a function of their rate 
of metabolism, and thus a function of temperature. This cannot be the 
explanation of the reversible changes in displacement described in this paper, 
for two reasons: 

(1) The change in displacement occurs rather quickly, being complete in 
10 min at 0° C even though an appreciable fraction of the time is taken up by 
thermal conduction, itself a slow process. It is not possible that the inter- 
cellular fluid in the centre of the gastrocnemius could, in the short time 
remaining, have come into complete concentration equilibrium with the 
surrounding solution. 

(2) The difference in density between water and Ringer’s solution is small, 
about 0-005 g/ml. at both 0 and 20° C, so the amount of water absorbed when 
the temperature changed 0-20° C would have to be about 0-1 g to give the 
observed change in weight of 0-45x10-*g. (An accurate calculation gives 
the amount of water as 0-124 g; that is, about one-third the weight of the 
muscle.) It is easy to show by direct weighing of the muscle dried carefully 
with filter-paper that no such large change in weight does take place. 


DISCUSSION 
The variation with temperature of the apparent weight of a muscle in Ringer’s 
solution seems to have been noticed first by Wéhlisch (1932). Although his 
main interest in the effect was as a source of error in his measurements of the 
linear coefficient of expansion of muscle under very small tension, he pointed 
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out that the coefficient of expansion of Ringer must be less than that of 
muscle, without, however, calculating actual values. If his value for the 
linear coefficient of expansion of sartorius (= —1-03 x 10-*) applies also to 
gastrocnemius, the two transverse linear coefficients must be +1-3 x 10-+. 
These figures are somewhat uncertain, for the change in buoyancy of the 
muscle with temperature made it impossible to observe directly either the 
magnitude or the sign of the linear coefficient at zero tension, ~~~ 
Expansion of muscle water. When the temperature was raised from 0 to 20° C 
the experimental muscle expanded 1-117x10-*ml. Of this expansion 
0-508 x 10-* ml. can be accounted for by the expansion of the 0-3103 g of water 
contained in the muscle, while the remaining 0-609x10-* ml. must be 
associated with the 0-0622 g of solid material which it contained. Calculating 
on the basis that solids and water are independent of one another, the solids 
thus appear to have a coefficient of expansion of 0-744+10-* ml./ml. at 
0° C/° C, which is unusually large for a solid. Phosphorus and celluloid, which 
appear to be the most expansile common solids, both have coefficients in the 
region of 0-1x10-*. However, the calculation is somewhat misleading, for 


solids and water are not independent. Their molecules are to some degree 


interpenetrating and there are bond forces between them. It is the reversible 
making and breaking of these bonds as an accompaniment of temperature 
change which is responsible for the large apparent expansion coefficient of 
muscle solids. The same effect is strikingly shown by dilute salt solutions. If 
1 g NaCl (volume, 0-462 ml.) is dissolved in 100 g water at 20° C (volume, 
100-17708 ml.), the volume of the solution is only 100-46353 ml. ; the apparent 
volume of the NaCl is thus 0-2864 ml. If this calculation is repeated at 0° C it 
is found that the apparent volume of the NaCl has been reduced to 0-2379 ml. 
corresponding to an apparent coefficient of expansion of 0-0102 ml./ml. at 
0°/° C. The change in apparent volume appears to occur smoothly with 
temperature, for the 10° C point lies about half way between the other two. 
Similar effects are shown by calcium chloride and potassium chloride; all are 
presumably due to variable hydration of ions. In spite of the largeness of these 
apparent coefficients, the inorganic salt content of muscle is not by itself able 
to account for the observed coefficient in muscle: probably the difference is 
largely made up by the effect of variable hydration of the proteins. From the 
figures given by Adair & Adair (1947) one can calculate the apparent coefficient 
of expansion of haemoglobin in solution in distilled water. The value obtained, 
0-47 x 10-* ml./ml. at 1-8° C/° C, is similar to that given here for the coefficient 
of muscle solids. There is thus no reason to suppose that the effect depends on 
the specific structure of muscle protein: other tissues are likely to show the 
same effect in proportion to thejr protein content. 

The displacement method is an extremely sensitive detector of small volume 
changes and it would be interesting to repeat some of the observations made 
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by Meyerhof & Mohle (1933), using a dilatometer, on the diminution in volume 
of muscle during activity. One consequence of the large coefficient of expansion 
of muscle is that the artifact resulting from muscle heat production, leading 
to thermal expansion, must be about twice as large as was calculated by 
Meyerhof & Mdhle (1933, p. 458). If thermal expansion is allowed for, 
diminution in volume from other causes in a 4 sec tetanus is thus almost twice 
as great as the observed diminution, However, the extra shortening heat 
evolved in isotonic contractions is not large enough to account for Meyerhof’s 
observation that the volume-diminution is less in isotonic than in isometric 
contractions. 

The question of the volume change which occurs when resting muscle is 
stretched has often been discussed in the past (see Ernst & Tigyi, 1951). It is 
hoped that by using the displacement method with the muscle held at different 
lengths it will be possible to examine experimentally the relation between 
volume and length @t different temperatures and thus to decide whether 
volume changes play any appreciable part in the thermoelastic behaviour of 
resting muscle. 

It must be emphasized that all the coefficients given in this paper are 
averages over the range 0-20° C, and that whole muscle, because of its high 
water content, will have a point of maximum density in the region of 4° C. 
The relative straightness of the apparent weight-temperature curve shows 
that the apparent coefficient of the muscle solids is reasonably constant; the 
shape of this curve will be but little affected by the inconstancy of the 
coefficient for water. 

SUMMARY 


A displacement method has been used to measure the volume coefficient of 
thermal expansion of muscle. The significance of the result obtained is 
discussed. 

REFERENCES 
Anse BS. & Anam, M. 5. (1947). The density increments of proteins. Proc. Roy. Soc. A, 190, 


Exnst, E. & Tieyt, J. (1951). Die Rolle der Spannung in der Volumverminderung des Muskels. 
Acta physiol. hung. 2, 243-251. 
vane Sera The thermodynamics of elasticity in resting striated muscle. Proc. Roy. Soc. B, 


International Oritical Tables, vol. 111 (1048). New York: McGraw-Hill Inc. 

Meryzrzor, O, & Méunn, W. (1933). V h kung des Muskels. Biochem. Z. 260, 454-489. 

J. R. (1950). Oumorogulation in eurviving slices from the kidneys of adult rata 
Proc. Roy. Soc. B, 187, 378-401. 

Tartoar, L. R. G. (1949). The Physics of Rubber Elasticity. Oxford: Clarendon Press. 

Wouuson, E. (1932). Die thermischen Eigenschaften des tierischen Bewegungsapparates. 


376 


J. Physiol. (1953) 119, 376-399 


THE REACTIONS OF PLEXUS-FREE CIRCULAR MUSCLE 
OF CAT JEJUNUM TO DRUGS 


By D. H. L. EVANS ann H. 0. SCHILD 


- From the Departments of Anatomy and Pharmacology, 
University College, London 


(Received 4 July 1962) 


Studies on the behaviour of enteric plexus-free preparations of the small 
intestine were first carried out by Magnus (1904a-c). He found that when the 
longitudinal muscle of the cat’s small intestine is stripped off the underlying 
circular coat, the ganglion cells of the myenteric plexus of Auerbach adhere to 
the longitudinal layer and the circular muscle can be freed from ganglia. 
Magnus found that these ganglion-free circular muscle preparations did not 
contract rhythmically when suspended in Locke’s solution and concluded that 
spontaneous contractions normally observed in intestinal muscle are neuro- 
genic in origin. All later workers, however, observed spontaneous activity in 
the completely ganglion-free circular muscle (Gunn & Underhill, 1914; 
Alvarez & Mahoney, 1922; Evans & Underhill, 1923; Gasser, 1926; Eura, 
1927; Van Esveld, 1928). 

Magnus also used the ganglion-free preparations of circular muscle to study 
the site of action of certain drugs, including nicotine, eserine and barium. 
These pharmacological experiments have been repeated by Gasser (1926) and 
by Van Esveld (1928). Although these three workers used similar methods in 
preparing ganglion-free intestinal strips, their results disagree both with 
regard to spontaneous activity of the ganglion-free preparations and their 
reactions to nicotine. Magnus and Gasser found that nicotine does not cause 
contraction of the ganglion-free strips, and concluded that stimulation of the 
intestinal muscle by nicotine is due entirely to an action on the ganglion cells 
of the myenteric plexus. This view is now generally accepted, but is contra- 
dicted by the findings of Van Esveld who found that nicotine stimulates the 
ganglion-free preparations. Van Esveld’s findings, which he checked by 


a careful histological search for ganglion cells, have received surprisingly little 
attention. 
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Magnus’s (1905) studies on ganglion-free preparations are also largely 
responsible for the current notion that barium has a direct stimulant action 
on the intestinal smooth muscle fibre. He reached this conclusion because he 
observed that barium always stimulated the ganglion-free intestinal strip 
_ even when other drugs which ordinarily stimulated the preparation failed to 
elicit a response. Van Esveld confirmed Magnus, and showed that denervated 
and innervated preparations were equally sensitive to barium. More recently, 
Ambache (1946) has thrown doubt on these views by suggesting that barium 
normally does not act directly on muscle fibres but on the nervous elements 
present in the intestine. Ambache’s view has received support by the work of 
Feldberg (1950) and Toh (1951) who, however, suggest that barium has in 
addition a direct stimulant action on the intestinal muscle. 

In view of these discrepant results and of the conclusions drawn from them, 
we have re-investigated the reactions of plexus-free preparations of the cat’s 
jejunum, checking the absence of ganglion cells by serial histological sections. 
We have confined our studies, for the present, to acutely denervated prepara- 
tions and the effects on these of nicotine, barium, éserine and acetylcholine. 


METHODS 


cate were anaesthetized with other, and the whole length of the small intestine removed into 
solution ofKrebs & Henseleit’s (1932) solution at room temperature. Two kinds of 
were used: muscle strips and tubular segments. 


Muscle strip preparations 

Ganglion-free circular muscle strips (strip a). Strips of circular muscle were prepared by a method 
similar to that used by Gunn & Underhill (1914), Gasser (1926) and Van Esveld (1928). The 
intestine was left undisturbed in the Tyrode solution for about 30 min to allow peristaltic activity 
to decrease, after which a piece of jejunum 1 om long was slipped over a glass rod. The rod was 
of a thickness sufficient to keep the gut in a slightly distended condition. The longitudinal coat was 
peeled off with a fine needle, elevating about 4 mm strips with each sweep. In this way the 
great majority of the ganglion cells of the myenteric plexus are removed with the longitudinal 
muscle. In order to ensure that no ganglion cells remain on the surface of the circular muscle 
this was either scraped with the sharp edge of a scalpel blade, or the superficial third of the circular 
muscle was discarded by making a superficial incision along the mesenteric border and stripping 
off the outer part of the circular muscle from the remainder. The intestine was then removed from 
the glass rod, gently inverted and replaced on the rod with the mucous membrane outermost. An 
incision was made in the mucous membrane along the mesenteric border and the cut edges 
separated a little. The cut was extended through the submucosa leaving the remaining circular 
muscle intact. The submucosa was stripped off the muscle by gentle traction with a forceps. 
Blood vessels passing from one layer to the other were cut. Finally a strip of circular muscle, 
about 4 mm in width, surrounding the mesenteric border was discarded owing to the possibility 
of ganglion cells being embedded in the substance of the muscle in this region. In this way 
circular muscle preparation is produced which is entirely free of ganglion cells of both the myenteric 
and submucous plexuses, This is illustrated in Pl. 1, which shows a transverse section of a segment 
of intact cat’s jejunum and a similar section through one of the ganglion-free specimens. 

Circular muscle stripe free of myenteric plexus (strip b). The longitudinal muscle with the 
myenteric plexus was removed in the same way as in the preceding specimen. The mucous 
membrane, containing the submucous plexus, was left undisturbed. 
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Circular muscle strips without submucous plexus (strip c). The mucous membrane and submucosa 
were removed. 

Circular muscle strips with myenteric and submucous plexuses intact (strip d). A strip of intact 
intestine orientated to record circular muscle contraction. 

Strips of longitudinal muscle containing myenteric plexus (strip e). A length of jejunum was 
slipped over a glass rod and a strip of longitudinal muscle about 7 mm wide and 2-4 cm long 
was peeled off as described above. Pl. 2 shows that in such a preparation the myenteric plexus 
remains attached to the longitudinal muscle, whereas the circular muscle becomes free from 
ganglion cells. 

Strip a was used most extensively for studying the behaviour of ganglion-free circular muscle. 
Strip ¢ was used in preference to strip d when studying the reactions of the innervated circular 
muscle, because it was found that removal of the mucous membrane with submucosa containing 
the submucous plexus rendered the preparations more sensitive to drugs, but without otherwise 
changing their responses. | 

In order to study the reactions of different strips under comparable conditions three strips 
were suspended in the same isolated organ bath (volume 150-250 ml.) and usually two organ 

In the earlier experiments Tyrode solution was used as bath fluid, but in later experiments 
Krebs & Henseleit’s solution was substituted. It was our impression that the latter gave more 
consistently responsive preparations, The fluid was kept at 37° C and aerated with a mixture 
of 95% O, and 5% CO,. The contractions of each strip were recorded by a light frontal writing 
lever, the weight of which was adjusted to produce a tension of either 4 or 10 g/cm*. In each 
case the tension required was caloulated from measurements of the length and weight of the 
muscle strip. The magnification was eightfold in the circular muscle records and threefold in the 
longitudinal muscle records. The drug to be examined was allowed to be in contact with the 
preparations for 5 min followed by a rest period of 10 min. Usually all four drugs were examined 
on the same set of three strips. The drugs were applied in ascending doses, the order varying in 
different experiments. 


Tubular segments (a modified Trendelenburg method) 

Trendelen burg (1917) studied the volume changes within the lumen of the guinea-pig’s intestine 
in response to raising the intralumen pressure. In the cat’s jejunum, with its much more powerful 
circular muscle, it was found more satisfactory to record pressure rather than volume changes in 
response to the stimulus of raising the intralumen pressure to 20 or 40 cm H,O. The apparatus 
used is illustrated in Fig. 1. A segment of ganglion-free and normal jejunum, each about 4 cm 
in length, were studied together in the same organ bath filled with Tyrode solution. The ganglion- 
free segment was prepared as follows: a 5 cm length of jejunum was ligated at each end and 
moderately distended with Tyrode solution at room temperature. The longitudinal muscle cost 
was stripped off the gut over ite whole circumference using a fine needle. In order to remove any 
traces of myenteric plexus which might still be attached to the circular muscle the whole surface 
of the latter was firmly scraped with the sharp edge of a scalpel blade. A length of about 0-5 cm 
at each end, including the region of the ligatures was then discarded. In this way a preparation 


of circular muscle was obtained freed of the myenteric plexus but with the mucous membrane | 


and submucous plexus intact. 

The normal and ganglion-free preparations were then connected at each extremity to glass 
tubes. The caudal ends were connected to separate mercury manometers and a common burette 
(Fig. 1). The tubes leading from the cranial ends were fitted with screw clamps. The whole system 
was filled with Tyrode solution. The intestinal segments were washed out with Tyrode solution 
introduced through the burette and this procedure was repeated at intervals throughout the 
experiment. The intralumen pressure in both segments was raised simultaneously by elevating 
the burette. Artery forceps were then applied to exclude the burette from the recording systems. 
The method of recording was similar to that used by Schild, Fitzpatrick & Nixon (1951). 
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The course of the experiments was as follows: the intralumen pressure was raised to 20 or 
40 cm H,0 and the response of the intestine observed for 2} min, after which a drug was injected 
into the bath. After a further period of 24 min the intralumen pressure was lowered, the bath 
fluid replaced and an interval of 10 min allowed. The duration of each experiment varied between 
3 and 6 hr. 


Fig. 1. Diagram of apparatus used in recording intralumen pressure of two 
intestinal segments. Only one recording manometer is shown. 


Histological controls 

At the end of each experiment the ganglion-free muscle strips or tubular segments were 
immersed in a fixative consisting of 20% (v/v) commercial formalin and 2% (v/v) pyridine in 
tap water in which they were allowed to remain for 3 weeks or longer. 

With strip preparations (strip a) frozen sections of 40 thickness of the entire segment were 
prepared. These were stained with Bielschowsky-Gros silver and then dehydrated, cleared in 
creosote and mounted in Canada balsam. The whole extent of all the sections was then examined 
systematically for ganglion cells. Each preparation entailed an examination of fifteen to twenty 
sections. All the thirteen ganglion-free strips (strip a) from which responses had been obtained 
were examined in this way. In none were ganglion cells found. 

Each tubular segment examined histologically was cut into pieces of approximately 1 cm 
length and half the gut circumference in width. The pieces were flattened with the muscle upper- 
most and frozen sections 40% thickness were taken beginning from the outer surface. The first 
few sections were incomplete owing to the impossibility of avoiding some obliquity of sectioning. 
These were not discarded, but the sectioning was continued until six complete sections of 404 
thickness had been obtained. All sections were stained and examined for ganglion cells as above. 
Owing to the great labour involved we have made such histological checks only in thirteen out of 
& total of the twenty-five tubular segments in which the myenteric plexus had been removed. 
Ten of these contained no ganglion cells and the other three contained respectively, 61, 28 and 
17 ganglion cells of the myenteric plexus over a length of about 4 om intestine examined. In 
contrast a 4 cm strip of normal jejunum contains approximately 7000 ganglion cells. 
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RESULTS 


; Attempts to reduce variability of response | 

All previous workers have found the responses of ganglion-free strips of the 
intestine to drugs to be extremely variable; we made the same observation in 
our strips and tubular segments; some preparations did not react to the drugs 
to be examined, whereas others gave a response under the same conditions. 
The following procedures were adopted in an endeavour to reduce the trauma 
involved in removal of the ganglion cells and thus perhaps reduce this 
variability : 

(1) The longitudinal muscle and as much of the myenteric plexus as remains 
attached to it was peeled off, but no attempt made to remove isolated ganglion 
cells from the circular muscle layer. 

(2) The jejunum was gradually cooled and then rendered ganglion-free at 
4° C. | 

(3) The ganglion-free preparations were kept for 24 hr in the ice chest at 
4° C before use. 

(4) Segments of jejunum were stripped of myenteric plexus im situ in the 
living animal under pentobarbitone sodium anaesthesia and with full aseptic 
conditions. Five days later the jejunum was removed in the usual way and 
the responses of the ganglion-free strips studied. This procedure was adopted 
merely to allow the tissue to recover from the injury, and not with the object 
of studying the effects of degeneration of the intramuscular nerve fibres and 
endings. 

_ By none of these modifications has it been possible consistently to eliminate 

the variability of response to drugs. Throughout the investigation it was found 
that certain ganglion-free specimens failed to respond to one or more drugs, 
although they were apparently prepared in the same way as other preparations 
which gave satisfactory responses. Some ganglion-free specimens failed to 
respond to any drug throughout an experiment, while others became respon- 
sive to some, but not necessarily all drugs during the course of an experiment 
lasting several hours. Yet others were most responsive at the commencement 
of an experiment. For this reason a large number of experiments were required 
with each drug and the presence of a response in a proportion of specimens 
was considered to be more significant than its occasional absence. 


The activity of tubular segments in response to raising 
-Trendelenburg (1917) has shown that raising the intralumen pressure by 
a few millimetres of water induces in the guinea-pig ileum a series of rhythmic 
contractions propagated in an aboral direction. He termed this the ‘ peristaltic 
reflex’ and attributed it to a nervous mechanism. Feldberg & Lin (1949), in 
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the rabbit and guinea-pig, have shown that these rhythmic waves of contrac- 
tions resulting from distension of the lumen can be abolished by p-tubo- 
curarine and cocaine. Paton & Zaimis (1949), using the rabbit, found that they 
were abolished by the ganglion-blocking drugs, hexamethonium and penta- 
methonium. In the cat’s small intestine Trendelenburg had considerable 
difficulty in demonstrating the peristaltic reflex owing to the strong spon- 
taneous tonus of this preparation. Bayliss & Starling (1901) reported that th 

rhythmic contractions of the cat’s small intestine, in response to distension 


Fig. 2. Cat jejunum in Tyrode's solution. Tubular segment method. Response of normal (A) 
and myenteric denervated (B) preparations to rise in intralumen pressure. In this instance 
the ganglion-free preparation responded with rhythmic contractions. 


with a balloon, remained localized in contrast to the propagated peristaltic 
activity observed in the dog and rabbit. Paton & Zaimis (1951) found that 
the paralysing action of the methonium salts could not be demonstrated on the 
cat’s intestine preparation. 

In the present experiments, using higher distension pressures than Tren- 
delenburg and recording the changes in pressure rather than in volume, there 
was no difficulty in eliciting a series of co-ordinated contractions of the circular 
muscle of the cat’s jejunum. When the intralumen pressure was raised rapidly 
to 20 or 40 cm H,O the great majority of the innervated preparations 
responded immediately or after a latent period of up to 1 min, with a series of 
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contractions at a frequency of about 8-10 per min and an amplitude of up 
to 30 om H,O (Fig. 2). These contractions were frequently quite regular, 
but we found it impossible to determine by inspection whether they were 
propagated as in Trendelenburg’s experiments. These rhythmic contractions 
occurred also in preparations freed of myenteric plexus but much less regularly. 

They were obtained in only seven out of a total of twenty-three preparations. 

Fig. 2 illustrates the contractions in one of those seven ganglion-free prepara- 
tions, and Fig. 3 the failure to elicit such contractions by raising the intra- 
lumen pressure in one of the other tubular segments. The contractions of the 
ganglion-free preparations when present were usually slower, less — 

and smaller in amplitude than those of thé normal. 


Fig. 3. Cat jejunum in Tyrode’s solution. Tubular segment method. Response of normal (A) 
and ganglion-free (B) preparations to rise in intralumen pressure. An instance of failure of 
the ganglion-free preparation to respond. 


In some instances ganglion-free preparations which did not intially contract 
in response to raising the intralumen pressure did so later in the experiment. 
This suggests that lack of rhythmic activity in some of these preparations is 
due to trauma rather than to the removal of the nervous elements. 


Spontaneous activity in tsolated strips 
Circular muscle strips freed of myenteric and submucous plexus (strip a) 
frequently exhibited spontaneous contractions apparently similar to those 
occurring in the innervated controls (Fig. 4). It was found that in preparations 
which had previously been treated with barium the contractions were much 
more pronounced and continued to be so for a long time after the barium had 
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been washed out. A similar effect of barium has been observed on the in- 
nervated rabbit intestine by Feldberg (1951). A characteristic and regular 
feature of the ganglion-free preparations was that they became progressively 
contracted in the course of an experiment lasting several hours, whereas this 
did not occur in normal controls. An analogous phenomenon was observed 
in segments of intestine, the myenteric plexvs of which had been removed 
in the living animal im situ; this spasm became in fact more prominent with 


Fig. 4. Cat jejunum in Krebs & Henseleit’s solution. Strip method. Spontaneous rhythmic 
activity in innervated (strip c of Pl. 1) and completely ganglion-free (strip a of Pl. 1) strips. 


time (Evans, 1953, in preparation). At biopsy these segments were always found 
to be in a state of spasm. Circular muscle strips which had been freed of 
submucosa and mucous membrane (strips a and c) were generally more active 
than those containing submucosa and mucous membrane (strips 6 and d). 


Nicotine 

Stimulating effect of nicotine. Our findings agree with those of Van Esveld 
in showing that a proportion of the ganglion-free preparations are stimulated 
by nicotine. Stimulation occurred in twelve of twenty-five ganglion-free 
tubular segments and in three of nine muscle strips (strip c). This effect is 
illustrated for a ganglion-free tubular segment in Fig. 5. In this specimen 
there occurred no rhythmic contractions in response to raising the intralumen 
pressure, Yet addition of nicotine (10-*) produced a rapid transient contraction 
comparable in strength to the contraction in the innervated control. More 
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frequently, nicotine produced a weaker contraction in the ganglion-free than 
in the normal tubular segments; an instance of this is illustrated in Fig. 6. 
The nicotine response was obtained more frequently in ganglion-free tubular 
segments than in the ganglion-free strip preparations. The latter, as a rule, 
showed only feeble responses. 

Effect of barium on nicotine contractions: The sensitivity of ganglion-free 
preparations to nicotine was greatly enhanced by the presence of barium in 
the bath fluid. This sensitizing effect manifested itself in three ways: 

(a) Many preparations not responding to nicotine alone could be induced 
to contract by the previous addition of barium. Table 1 compares the number 
of ganglion-free specimens giving @ contraction with nicotine alone, with the 
number responding to nicotine in the presence of barium. With both the 
tubular segments and the muscle strips (strip a) the number giving a positive 
response is appreciably increased by barium. 

Taste 1. Comparison of the number of ganglion-free preparations stimulated by 
nicotine alone and by nicotine in the presence of barium 


Tubular 
segment Strip 
method method 


Nicotine alone 
Stimulated 12 3 
‘Total 26 
Nicotine + barium 
Stimulated 20 
Total 24 15 


(b) Ganglion-free preparations that responded feebly to nicotine alone gave 
a brisk response in the presence of barium. Fig. 6 illustrates this effect in 
a ganglion-free tubular segment. Nicotine (10-*) alone induced only a feeble 
response, whereas the same concentration in the presence of barium produced 
a transient pressure rise of about 30 mm H,0O. A similar potentiation occurred 
in ganglion-free strips. Sensitization also occurred in the absence of any 
visible stimulation by barium itself as shown in Fig. 7, which also demonstrates 
that the effect of barium was reversible, | 

(c) The threshold-stimulating dose of nicotine in the innervated preparations 
of the cat’s intestine was of the order of 4x 10-’. In the absence of barium 
the threshold for the ganglion-free preparation was usually somewhat higher, 
free preparation was the same. 

Inhibiting effect of nicotine. Three different types of inhibitory effects of 
nicotine on the small intestine have been described in the intact animal and 
in isolated preparations and been attributed to different mechanisms: 

(a) Stimulation of postganglionic sympathetic neurones through the action 
of nicotine on the mesenteric ganglia or relaxation of the smooth muscle fibres 
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Fig. 5. © Fig. 6. 

Fig. 5. Normal (A) and myenteric denervated (B) cat jejunum in Tyrode's solution. Tubular 

segment method. Stimulation by nicotine in a specimen which was entirely free of ganglion 
cells of myenteric plexus. 


Fig. 6. Cat jejunum in Tyrode’s solution, Tubular segment method. Normal (A) and myenteric 
denervated (B) preparations. Comparison of the response to nicotine alone and to nicotine 
in the presence of barium. The barium was added to the bath fluid before the pressure was 
raised. 


Fig. 7. Cat jejunum in Tyrode's solution. Tubular segment method. Reversible sensitization to 
nicotine by barium in a myenteric denervated specimen. In this instance barium itself had 
no visible action. The segment was washed out at w. 
PH. CXIX. 25 
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by adrenaline released through the action of nicotine on the adrenal medulla. 
This mechanism cannot operate in isolated intestinal preparations since the 
sympathetic ganglion cells innervating the intestine are situated outside the 
viscus (Langley & Dickinson, 1889). 

. (b) Paralysis following stimulation. This is readily shown in isolated 
intestinal preparations and is attributed to different mechanisms by various 
authors. 


Fig. 8. Cat jejunum in Tyrode’s solution. Tubular segment method. Nicotine (10-*) applied 
in the presence of eserine and acetylcholine produces a marked inhibition in both the 
normal (A) and ganglion-free (B) preparations. : 


(c) Transient inhibition by nicotine, not preceded by stimulation, occurring 
in the absence of the sympathetic ganglion cells situated outside the viscus. 
Langley & Magnus (1905) observed that after degeneration of ‘nearly all’ the 
post-ganglionic sympathetic fibres to the intestine in the anaesthetized cat, 
nicotine produced inhibition which was ‘apparently not a wit less than hormal’. 
However, they did not exclude the possibility of nicotine releasing adrenaline 
from the adrenal glands. Magnus (1905) observed transient inhibition by 
nicotine, usually followed by stimulation, in isolated strips of intestine. This 
is also shown in one of the illustrated experiments (Fig. 40) of Van Esveld’s 
paper (1928). Ambache & Edwards (1951) and Ambache (1951) have demon- 
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strated that a purely inhibitory effect of nicotine may be produced in isolated 
intestinal preparation from kittens in the presence of atropine and in those 
from rabbits in the presence of botulinum toxin. They ascribe this effect of 
nicotine to an action on ganglion cells of the myenteric plexus which are cell 
bodies of adrenergic neurones and thus when stimulated induce relaxation of 
the gut. 

The paralytic effect of nicotine following stimulation (type 2) was usually 
pronounced in the innervated preparations but in the ganglion-free prepara- 
tions it occurred only occasionally and was then relatively inconspicuous. On 
the other hand, the transient inhibitory action of nicotine (type 3) occurred 
in both the innervated and ganglion-free specimens. This effect was particularly 
pronounced in preparations stimulated to contract by the previous addition 
of eserine and acetylcholine. Fig. 8 shows that this inhibition occurs equally 
in the normal and ganglion-free preparation. It cannot therefore be due to an 
action on inhibitory ganglion cells. 


Fig. 9. Cat jejunum in Tyrode’s solution. Tubular segment method. Effect of eserine on normal 
(A) and ganglion-free (B) preparations. (A) responded with a series of powerful contractions 
culminating in spasm and followed by relaxation. The myenteric denervateskpreparation (B) 
failed to respond. 

Eserine 
Magnus (1905) used very high concentrations of eserine (1: 1000, or more) 
and found that on ganglion-free preparations they produced rhythmic 

‘contractions, whereas pilocarpine, barium and strophanthin produced a tonic 

contraction. He concluded that eserine has some peripheral action on the 
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muscle cell but that his experiments did not exclude the possibility of a fu 
action of eserine on the myenteric plexus. Van Esveld obtained stimulat 
with much weaker concentrations of eserine (of the order of 10-*) in only two 
of eighteen ganglion-free preparations; Gasser also seems to have used the 
same weak concentrations and ehininan a positive effect in five of eighteen 
such preparations. 

In the present experiments only weak concentrations of eserine were used, 
the highest concentration being 4x10-*. Such concentrations of eserine 
produced in all innervated preparations after a short latent period a series of 
rhythmic contractions, accompanied by a pronounced rise in the base-line and 
frequently culminating in a powerful spastic contraction. On the other hand, 
stimulation with these concentrations of eserine occurred only once in a 
ganglion- -free preparation where eserine (4 x 10-") induced after a latency of 
3-5 min a set of rhythmic contractions without rise of base-line. In all the 
other twenty- -two ganglion-free preparations examined these concentrations 
of eserine had no stimulating effect. This difference between the innervated 
and ganglion-free preparation is shown in Fig. 9. 

Although these weak concentrations of eserine usually produced no con- 
tractions in the ganglion-free preparations they regularly caused marked 
potentiation of the effect of acetylcholine (see p. 391). 

Barvwum 

In the normal preparations barium produced effects similar to those of 
eserine. The latent period with barium was usually shorter than with eserine 
but both produced the appearance of a co-ordinated set of contractions culmi- 
nating in a spasm of the circular muscle. 

In contrast to eserinée, barium regularly stimulated the ganglion-free tubular 
segments and strips and in the same concentrations (threshold about 10-*) as 
the innervated preparations (Fig. 10). The character of the response to barium 
differed in ganglion-free preparations: it induced rhythmic movements in 
a previously quiescent ganglion-free preparation, but it failed to produce the 
powerful contraction culminating in the spasm which is so characteristic of 
the response in the innervated preparation. This difference is shown in Figs. 10 
and 11 in strip preparations and tubular segments respectively. 

These results confirm Van Esveld in showing that ganglion-containing and 
ganglion-free strips of circular muscle are stimulated by barium at the same 
threshold concentration. On the other hand, the complex effect, akin to 
a peristaltic contraction produced by barium in the innervated tubular 
segments, does not occur after removal of the myenteric plexus. 
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Fig. 10. Cat jejunum in Krebs & Henseleit’s solution. Comparison of the character of the response 
and threshold to barium in an innervated (strip c of Pl. 1) and completely ganglion-free 


(strip a of Pl. 1) ciroular muscle strip. 


Fig. 11. Cat jejunum in Tyrode’s solution. Tubular segment method. Effect of barium. The 
normal preparation (A) responded with powerful contractions resulting in marked increase 
in the base-line, The myenteric denervated preperation (B) responded with rhythmic 


| movements without increase in base-line. | 
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Both Gasser and Van Esveld found that acetylcholine stimulated ganglion- 
free strips of circular muscle fairly regularly. Van Esveld (1928) compared the 
sensitivity of these strips with those of longitudinal muscle containing 
myenteric plexus and found that the latter were 100-1000 times more 
responsive to the drug. 


Fig. 12. Cat jejunum in Spode eee Tubular segment method. Comparison of the 
effects of barium and acetylcholine in normal and myenteric denervated preparations. 


In our experiments most ganglion-free preparations responded to acety]- 
choline with a tonic contraction which differed both from the transient 
contraction elicited by nicotine and the stimulation of rhythmic activity 
produced by barium. Fig. 12 shows a comparison between the effects of 
barium and acetylcholine in the same preparation. 


As a rule the ganglion-free tubular segments and strip preparations of — 


circular muscle were less sensitive than the corresponding innervated prepara- 
tions. This is demonstrated in Table 2 in which threshold concentrations are 
compared. Only in a few preparations which had received barium earlier in 
the experiment were the thresholds approximately equal. 
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The sensitivity of the ganglion-free preparations was, however, greatly 
increased by eserine. In its presence the thresholds of the ganglion-free and 
innervated preparations were approximately equal. This is illustrated in 
Table 3. 

These experiments thus confirm Van Esveld in showing that the denervated 
preparations are, on the whole, less sensitive than the innervated to acetyl- 
choline, the only exceptions being those which had previously received eserine 
or barium. 


Tasiz 2. Comparison of threshold concentrations of acetylcholine 
alone in normal and ganglion-free preparations 


Specimens Normal(N) $Ganglion-free(GF) Ratio: GF/N Method 
16 A, B 10-* >10-* >100 Tubular se gment 
16C, D >10* >500 
174, B 5x 10-7 250 
17C, D 10-* 10” 10 
18 A,B 2x10-* 5x10" 25 
18 C, D 2x10-* 5x10” 25 
20 A, C 5x 10-* 2-5 5 Strip 
21 2x10* >2x1l0* 
210,B 5x10" >2x1l0-* > 4 
22 C, B 2x10-* 4x10” 
231,H 2x10-* >2x10~ >1 
24C,B 8x10" 10-* 125* 
2A 1* pit 
F,E 3x10-* 130* de 
25 C, B 3x10-* 3x10-* 1* 
25 F, E 3xlo-* >3x10* > 100* 


TaB_z 3. Comparison of threshold concentrations of acetylcholine in the presence 
of eserine in normal and ganglion-free preparations 


Eserine 

Specimen... concn. Normal Ganglion-free  GF/N Method 

16 A,B 1o-* 5x10-* 25x10" 5 Tubular segment 
16C, D 5x10" 2-5 

17 A,B 1o-* 2x1lo-* l 
17C,D 2x10-* 2x10-* l 

18 A,B 10-* 10” <1 

20 A, C 4x10’ 5x10-* 5x10-* Strip 


The strips of longitudinal muscle with myenteric plexus attached (strip e) 
were uniformly highly sensitive to acetylcholine; in several instances concen- 
trations of 4x 10-*, and on one occasion 8 x 10-° gave a good contraction. 
This high sensitivity is remarkable since the peeling off of longitudinal muscle 
strips, only about 100 yu thick, from the underlying circular muscle necessarily 
involves considerable trauma. It would seem, therefore, that the relative 
insensitivity of ganglion-free circular muscle is due to the absence of Auerbach’s 
plexus rather than to the trauma inflicted. — 


* Barium applied earlier in the experiment. 
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DISCUSSION 


The method originally introduced by Magnus of preparing. ganglion-free 
intestinal circular muscle provides the most direct way of studying the site 
of action of drugs in the intestine. The purely pharmacological methods of 
using antagonistic drugs such as the ganglion-blocking agents as a means of 
studying the site of action of active drugs are open to the objection that these 
antagonists may have some action on the muscle as well as on the ganglion 
cells. Similarly, deductions based on the use of ganglion-stimulating drugs 
such as nicotine are open to the objection, confirmed during this investigation, 
that nicotine has a direct action on the muscle cells. 

The method of Magnus has a number of limitations which prevent it from 
furnishing a complete picture of the site of action of drugs. In the first place, 
as pointed out already by Magnus, this method cannot be used to determine 
with certainty whether a drug has an action on ganglion cells in addition to 
its action on smooth muscle. However, some information can be obtained by 
comparing the threshold dose and nature of the response in normal and 
ganglion-free preparations. Secondly, although Magnus’s method provides 
smooth muscle devoid of ganglion cells, the intramuscular nerve fibres and 
their endings are intact and these may be acted upon by drugs. This objection 
may be countered by carrying out the stripping processes in vivo and allowing 
sufficient time for complete degeneration of the nerve fibres. In unpublished 
experiments of this kind we found it impossible to produce a denervation of 
the whole circumference of the intestine. Subsequent histological examination 
showed that some ganglion cells remained attached at the mesenteric border 
and these preparations cannot therefore be used as tubular segments, but it 
may be possible to obtain in this way chronically denervated strips of part of 
the circumference. 

Another disadvantage in the use of ganglion-free preparations is the incon- 
sistency of their response to drugs, and this is probably the reason for the 
divergent conclusions reached by different authors. This inconstancy is difficult 
to explain. The normal preparations behave much more regularly, and it is 
therefore unlikely that the irregularities are explained on the assumption that 
the inherent pattern of drug receptors in the intestinal smooth muscle varies 
from animal % animal and in different preparations from the same intestine. It 
is possible to assume, however, that in the process of stripping the myenteric 
plexus some drug receptors become more easily deranged than others. Such a 
hypothesis could explain why the proportion of ganglion-free preparations 
responding to different drugs varied in our experiments. For example, in our 
series, nineteen out of thirty-four preparations failed to respond to nicotine 
alone, whereas only four of twenty-nine preparations failed to respond to 
barium. Yet one of the barium-refractory preparations responded to nicotine. 
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Our findings show that stimulatory as well as inhibitory effects of nicotine 
are obtainable in ganglion-free preparations of intestinal circular muscle of 
cats. This is in agreement with the results obtained by Van Esveld, but at 
variance with the conclusions of Magnus and Gasser that nicotine acts, in the 
intestine, only on ganglion cells. The finding that nicotine contracted about 
45%, of the ganglion-free preparations shows that its stimulating action on 
intestinal preparations cannot be explained wholly by an effect on ganglion 
cells. The proportion of ganglion-free preparations which contracted to 
nicotine increased even further, to about 75%, in the presence of barium. The 
mechanism of this sensitizing effect of barium is at present unknown. It 


. exerted a similar effect on the acetylcholine response. Further, in ganglion- 


free preparations barium inj<iated or enhanced rhythmic activity. This latter 
effect may be related to the potentiating action on nicotine and acetylcholine 
contraction and be of a non-specific nature, the barium rendering the ganglion- 
free muscle more active and thus more sensitive to the two drugs. The 
sensitizing effect of barium, however, occurred in some preparations in which 
barium itself did not produce visible effects. 

Nicotine also produced transient inhibitory effects in ganglion-free intestinal 
circular muscle, particularly when these had been stimulated to contract by 
eserine and ‘acetylcholine. This inhibition is therefore not ganglionic in origin. 
The same conclusion cannot be drawn for the paralysis which follows the 
stimulatory action of nicotine for this paralysis was not obtained in ganglion- 
free preparations and may therefore be ganglionic in origin. 

The conclusion that nicotine has a stimulatory and inhibitory effect on 
intestinal preparations which is not ganglionic in origin is supported by 
evidence from other muscle preparations. The ureter of the pig contains no 
ganglion cells (Hryntschak, 1925), yet it is contracted by small and relaxed 
by large doses of nicotine (Macht, 1916). On the isolated horn of the virgin 
rabbit uterus, which is also believed to be free of ganglion cells (Reynolds, 
1945), both stimulatory and inhibitory effects of nicotine have been observed 
(Kehrer, 1907; Fardon, 1908; Ogata, 1921). 

There remain three possible sites of action of nicotine in ganglion-free 
intestinal preparations: (i) the remaining post-ganglionic fibres and nerve 
endings of the myenteric plexus, (ii) the ‘terminal reticulum’ and ‘sympathetic 
ground plexus’, (iii) the plain muscle fibre. 

The possibility must be considered that nicotine acts on the post-ganglionic 
fibres of the myenteric plexus in view of the fact that nicotine stimulates not 
only ganglion cells but also nerve fibres or endings, for instance in the skin 
and mesentery (Coon & Rothman, 1940; Brown & Gray, 1948). 

The ‘terminal reticulum’ has been described by Stéhr (1932, 1934) and 
Reiser (1933) and the ‘sympathetic ground plexus’ by Boeke (1940). These 
do not degenerate after removal of the ganglion cells. There is doubt as to 
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their nervous nature (Johnson, 1925; Nonidez, 1936, 1937) and recent in- 
vestigations on the cat’s intestine by one of us (Evans, 1953, in preparation) 
suggest that the ‘reticulum’ is in reality a sheath for the post-ganglionic nerve 
fibres, serving the same function as the Schwann sheath of somatic nerve fibres. 

Although the nerve endings and the nerve nets cannot be excluded as the 
site of action of nicotine on the ganglion-free intestinal preparations, as well 
as on those other muscle preparations mentioned above in which nicotine has 
stimulatory and inhibitory actions, they could not provide an explanation for 
the nicotine effects on the chick amnion. This preparation consists of a layer 
of smooth muscle covered by epithelium and has repeatedly been shown to be 
entirely free of nervous elements (Verzar, 1914; Peterfi, 1913; Baur, 1928; 
Ferguson, 1940; Pierce, 1933). Langley (1905) and Baur (1928) found that 
nicotine increased the rhythmic contractions of the amnion and Baur found 
that higher, concentrations of nicotine (1:50,000) produced pure inhibition. 
It is therefore likely that the stimulatory and inhibitory actions of nicotine 
on ganglion-free preparations resides in the smooth muscle fibre itself. 

The finding that ganglion-free circular muscle requires for contraction 
higher concentrations of acetylcholine in the bath fluid than the innervated 
muscle does not necessarily imply an intrinsic reduction in the acetylcholine 
sensitivity of the ganlion-free preparation, because in the presence of eserine in 
weak concentration both preparations become equally sensitive to acetyl- 
choline. Although eserine may have a direct sensitizing action it is more 
likely that in these concentrations its action is due to inhibition of cholin- 
esterase, This would mean that, in the absence of eseririe, the acetylcholine of 
the bath fluid has to pass a zone of cholinesterase activity which is more 
potent in the ganglion-free preparation than in the normal in order to reach 
the receptors in the circular muscle. It has been shown by Koelle (1951) that 
cholinesterase in intestinal muscle is mainly intracellular and concentrated 
chiefly at the muscle fibre membranes; there is thus the possibility that the 
mechanical process of stripping off the longitudinal muscle and the myenteric 
plexus causes injury of the superficial muscle fibres of the circular coat, 
whereby their intracellular cholinesterase becomes more accessible for acetyl- 
choline destruction. In this way a potent zone of cholinesterase activity 
would be created in the superficial part of the circular muscle. It is unlikely 
that the effect which barium exerts on the acetylcholine sensitivity of ganglion- 
free preparation is effected by rendering the intracellular cholinesterase again 
less accessible to acetylcholine, since barium has a similar potentiating effect on 
the nicotine response of the ganglion-free preparations. ( 

The finding that the stimulatory action of weak concentrations of eserine 
on the circular muscle is dependent upon the presence of the myenteric plexus 
was surprising, although it had been previously observed by Gasser and Van 
Esveld. The slow onset of the effect suggests that eserine acts by inhibition of 
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cholinesterase. activity. In that case we are forced to assume that in the 
normal preparation there is a continuous release of acetylcholine in the circular 
muscle layer and that this release comes to an end when the myenteric plexus 
is removed. Presumably the nerve fibres which originate from the myenteric 
plexus are cholinergic; they may have the ability to synthesize and release 
acetylcholine continuously as long as they are in continuity with the parent 
cells, but lose this property when they become separated. 

The presence of the myenteric plexus can thus profoundly, and in different 
ways, modify the action of a drug. It is doubtful that a clear-cut distinction 
between drugs acting on the myenteric plexus and on plain muscle can always 
be maintained. Many drugs may produce effects on both, and the presence of 
the myenteric plexus may modify the action of drugs in several ways: 


- (1) ganglion cells may have a lower threshold than the muscle cells, and be the 


only ones directly affected by low concentrations of drug; (2) the threshold 
of ganglion cells may not be very different from that of muscle cells, but their 
stimulation by the drug causes a propagated disturbance with more far- 
reaching effects; (3) the presence of the intact nerve plexus may influence and 
perhaps increase the sensitivity of plain muscle to drugs (Van Esveld’s view) ; 
(4) direct stimulation of plain muscle by the drug may initiate impulses which 
are propagated by the plexus. 

Rhythmic activity in normal and ganglion-free preparations. The movements 
induced in the small intestine as a result of distension of the lumen are of two 
main types: (a) Continuous rhythmic activity which remains more or less 
localized and which serves to mix the intestinal contents and to promote 
absorption. The character of these movements varies considerably in different 
species; in some the rhythmic activity consists of segmentation as described 
by Cannon (1902), in others mainly of pendulum movements. These rhythmic 
movements involve both muscle coats and are presumed to be myogenic in 
origin for they occur in ganglion-free preparations as well as when the ganglion 
cells have been paralysed by nicotine (Bayliss & Starling, 1899; Trendelen- 
burg, 1917; Thomas & Kuntz, 1926; Alvarez, 1937). (6) Intermittent peri- 
staltic contractions which travel along the intestine and which serve to propel 
its contents. Bayliss & Starling (1899) used the term ‘peristaltic contraction’ 
for the more complex wave of activity which occurs intermittently in response 
to distension. They described this response as follows: ‘Shortly after putting 
in the bolus the contractions of the segment of intestine immediately above the 
bolus undergo increasing augmentation until the intestine at this point enters 
into a strong tonic contraction. This presses the bolus onwards and as the 
bolus moves the ring of constriction follows it up... .’ 

The rhythmic activity we observed in innervated tubular segments of the 
cat’s intestine in response to raising the intralumen pressure occurred also in 
about a third of the ganglion-free preparations. This must, therefore, be at 
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least partly myogenic in origin. These tubular segments were, however, 
unsuitable for recording the progress of peristaltic waves and thus for dis- 
criminating between peristaltic and rhythmic myogenic activity. Neverthe- 
less, certain contractions could be shown to be ganglionic in origin. Barium 
produced, in innervated preparations, a series of contractions culminating in 
spasm resembling the sequence of events described by Bayliss & Starling in 
the initial phase of a peristaltic contraction. These spastic responses were 
absent in the ganglion-free preparations and were, therefore, probably brought 
about by an effect of barium on the myenteric plexus. The similar spastic 
contraction produced by eserine were also dependent on the integrity of the 
myenteric plexus. 
SUMMARY | 

1. The drug responses of ganglion-free circular muscle preparations of cat 
jejunum have been investigated. The ganglion cells of the myenteric plexus 
of Auerbach were removed by stripping off the longitudinal muscle coat to 
which they adhere. The submucous plexus of Meissner’s plexus was removed 
by detaching the submucosa and mucous membrane from the circular muscle. 
The completeness of removal of the ganglion cells was checked histologically. 

2. Two kinds of ganglion-free preparations were used: (i) circular muscle 
strips suspended in Tyrode or Krebs & Henseleit’s solution; (ii) tubular 
segments the intralumen pressure of which was recorded. The behaviour of 
tubular segments was studied by a modification of the Trendelenburg method 
and consisted of recording changes not of volume but of pressure within the 
intestinal lumen. By using higher distension pressure than Trendelenburg the 
method is applicable for the cat’s intestine with its very thick circular muscle 
coat. 

3. Rhythmic contractions of ganglion-free circular muscle, in the absence of 
drugs, were recorded with both preparations and are therefore myogenic in 


origin. 

4. Nicotine stimulates ganglion-free preparations (confirming Van Esveld). 
Subliminal concentrations of barium sensitizes these preparations to the stimu- 
lant actions of nicotine. In ganglion-free preparations which have been 
stimulated by eserine and acetylcholine, addition of nicotine produces a 
transient inhibition preceding stimulation. It is concluded that both stimula- 
tions and primary inhibition by nicotine can occur in the absence of ganglion 
cells 


5. Eserine, in the low concentrations used (4x 10~* or less), failed to 
stimulate ganglion-free preparations. These doses regularly stimulated circular 
muscle preparations containing myenteric plexus. 

6. Barium stimulated both ganglion-containing and ganglion-free circular 
muscle at similar threshold concentrations, but the character of the response 
in the two preparations differed. In the ganglion-free preparation it induced 
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only a series of rhythmic contractions with little or no rise in base-line, 
whereas in the innervated preparations barium caused powerful contractions 


culminating in spasm. It is concluded that the action of barium is partly 


ganglionic, partly muscular. 

7. Acetylcholine stimulated both normal and ganglion-free preparations, 
but the threshold in the latter was generally higher. In the presence of eserine 
and barium, however, the thresholds were approximately the same. Strips of 
longitudinal muscle containing myenteric plexus were very sensitive to 
acetylcholine. 
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EXPLANATION OF PLATES 


Prats | 
described in the text. Haematoxylin and eosin 
B. Transverse section of ganglion-free circular muscle strip (preparation a). Haematoxylin and 
eosin. 
Prats 2 


A. The entire thickness of the stripped longitudinal muscle coat with myenteric plexus attached. 
Bielschowsky-Gros method. The muscle cells are unstained. 


of ganglion cells. Myenteric plexus had been removed by peeling off the longitudinal muscle 
coat and scraping the superficial surface of the circular muscle. Bielschowsky-Gros method. 
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NEW FORMS OF VISUAL PURPLE FROM THE RETINAS 
OF CERTAIN MARINE FISHES: A RE-EXAMINATION 


By ELIZABETH M. KAMPA* 
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The identity and distribution of the photolabile pigments which occur in the 
retinas of vertebrate animals have been sources of controversy ever since 
such pigments were first observed. Kiihne, in his classic investigations, 
examined retinas from every available animal species. He reported (Kiihne, 
1879; Kiihne & Sewall, 1879-80) that while the retinas of terrestrial verte- 
brates were rose-coloured, those of fresh-water fishes were purple. Kéttgen & 
Abelsdorff (1896) described the two pigments in solution. Wald (1935, 
19364, 6), in a series of studies, has shown that the retinas of all marine fishes 
examined, except the Labridae, yield consistently the same pigment which is 
found in terrestrial vertebrates. This pigment, a carotenoid-protein substance, 
is related cyclically to vitamin A, (Wald, 1935; Morton & Goodwin, 1944; 
Ball, Goodwin & Morton, 1946). For this substance Wald has suggested 
retention of the name rhodopsin, proposed by Kiihne, rather than Kiihne’s 
other designation, Sehpurpur, which has been translated ‘visual purple’ in 
English. 

For the purplish pigment from the retinas of fresh-water fishes Wald has 
proposed the name porphyropsin. This substance is also a carotenoid-protein, 
and it is related cyclically to vitamin A, (Wald, 1939; Morton, Salah & 
Stubbs, 1946, 1947). 

Euryhaline fishes possess combinations of the two pigments in varying 
proportions, and in anadromous and catadromous fishes the predominant 


retinal pigment has been shown to be that associated with the spawning 
habitat (Wald, 1941, 1942). 


* Dorothy Bridgman Atkinson Fellow, 1951-52, The American Association of University 
Women. Present Address: Bermuda Biological Station. 
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Among the few apparent contradictions to Wald’s findings is the report by 
Bayliss, Lythgoe & Tansley (1936) of a number of new forms of visual purple 
from marine fishes in the vicinity of Plymouth. Wald has found that rhodopsin 
shows a characteristic absorption maximum at about 500 my, and that 
porphyropsin absorbs maximally near 522 my. According to Dartnall (1952), 
the maximum of porphyropsin is at 533+ 2 my. Bayliss et al. observed a wide 
range of maxima in the retinal pigments which they extracted, and they 
suggest that the types of visual purple may be as numerous as the genera of 
marine fishes. 

In the course of some experiments with retinal function which were under- 
taken at the laboratory ‘a Plymouth, it was necessary to extract and examine 
spectrophotometrically the retinal pigment of the plaice, Pleuronectes platessa, 
one of the species from which Bayliss et al. had reported a new visual purple. 
The results obtained were at variance with those of Bayliss ef al. and in accord 
with those which might have been cmnemaens from Wald’s findings with other 
marine fishes. 

The present paper is concerned with a re-examination of the retinal pig- 
ments of three marine teleosts and two fresh-water teleosts from which ‘new’ 
forms of visual purple were reported by Bayliss e¢ al. (1936). 


MATERIALS AND METHODS 


* ‘The marine species included in this study are the plaice, Pleuronectes platessa, the gurnard, Trigla 


hirundo, and the pollack, Gadus pollachius. The two fresh-water species are the trout, Salmo trutta 
(syn. Salmo fario), and the tench, Tinca vulgaris. 

Sixty-four extracts were made from individual plaice retinas. In each of the other species one 
extract was prepared from the two retinas from a single specimen. Approximately one hundred 
extracts of rhodopsin were made from individual retinas and from groups of retinas of the frog 
Rana temporaria as a standard for comparison. 

The animals to be examined were dark adapted in aerated tanks for as long as was feasible. This 
varied from 8 hr for the plaice to 2 hr for the tench and trout. Frogs were dark ada for 
periods of 12~16 hr. 

At the end of the dark adaptation period, a safelight equipped with a 20 W lamp and a 
Wratten 2 (red) filter, was turned on in the dark room. This safelight was attached to wall 
3 ft above the bench on which subsequent operations were carried out. 

The living animals were removed from the tank and decapitated. Their eyes were removed and 
placed in isotonic saline (Young, 1933) at the temperature of melting ice. The eyes were opened 
uader a dissection microscope. Cornea, lens and vitreous were removed, and the retinas were 
lifted off with forceps. The vitreous, particularly in the gurnard, was difficult to remove, and even 
after the optic cup had been tipped on edge and squeezed gently, a certain amount of it adhered to 
the retina. The microscope was illuminated by a lamp equipped with an iris diaphragm and a 
focusing lens, and shielded in such a way that all the emergent light passed through a Chance 
OR-1 (deep red) filter. The retinas were dropped directly into plastic centrifuge tubes containing 
1-5 ml. of extractive per retina. Two detergent solutions were used. Pollack, gurnard, trout and 
tench retinas were treated with 2% aqueous digitonin maintained at pH 8-4 with KCI-H,BO,- 
NaOH buffer (Clark, 1928). Frog retinas were extracted with 4% aqueous sodium deoxycholate, 
similarly buffered at pH 8-6. Some plaice retinas were extracted with digitonin, others with 
sodium deoxycholate. 
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The retinas were macerated in the extractive by stirring with a glass rod for 30 sec. The tubes 
were then placed in a light-proof water bath at 25° C. At the end of 1 hr the tubes were removed 
from the bath, and their contents were stirred again for 30 sec. The extracts were filtered through 
Jena sintered glass micro-filters (porosity: G 12-3). The filtrates were stored in the dark at 0° C 
for periods never exceeding 24 hr. The solutions were then centrifuged in the dark: frog, plaice, 
gurnard and pollack extracts at 3000 rev/min for 45 min at 0 to 6° C; trout and tench extracts 
at 12,000 rev/min at -—2 to 7° C for 15 min. 

The clear supernatant solutions were poured directly into absorption cells and allowed to return 
to room temperature in the dark. Optical densities (log,, I,/, where J, is the incident and I the 
transmitted intensity) of frog, plaice, gurnard and pollack extracts were measured with a Unicam 
SP-500 quartz spectrophotometer. Frog, tench and trout extracts were measured with a Hilger 
Uvispec quartz spectrophotometer. Each optical density recorded expresses the difference in 
absorption between the test solution and a sample of the corresponding extractive which had been 
filtered, cooled and centrifuged in the same manner as the extract. Cuvettes having a 1 cm light 
path and a volume of 3 ml. were used. For measurement of the absorption of 1-5 ml. extracts of 
individual plaice and frog retinas the cuvettes were fitted with U-shaped glass blocks which reduced 
their volume but did not obstruct the light path at maximum slit width. No appreciable difference 
could be detected between optical densities obtained with 3 ml. volumes of an extract in the 
unblocked cuvettes and those obtained with 1-5 ml. volumes of the same extract in blocked 
cuvettes. 

Readings were taken at 10 my intervals between 400 and 600 my, with additional readings at 
5 my intervals on either side of the maximum. The values at a number of wave-lengths were 
checked at the end of each series of readings. In no instance did the second value obtained vary 
by more than 1-2% from the original value. 

After the absorption spectra of the unbleached solutions had been determined, the cuvettes and 
their holder were removed from the spectrophotometer. The solutions, still in their respective 
cells, were exposed for 10 min to the light from a 100 W lamp at a distance of 6 in. Absorption 
spectra of the bleached solutions were then measured in the same manner and over the same 
range. 


Table 1. Optical density values obtained from retinal extracts. The left-hand column in each case 
represents the unbleached extract ; the right-hand column, the same extract after exposure to bleaching 
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RESULTS 

Optical density values obtained from these observations are contained in 
Table 1. Difference spectra, obtained by subtracting optical density values 
for the bleached solutions from those for the unbleached solutions at each 
wave-length, are presented in Figs. 1 and 2. To these difference spectra data 
a factor has been applied which renders the difference in optical density equal 
to 1-0 at the point of maximum difference. Also contained in Figs. 1 and 2 are 
curves plotted from the data of Bayliss et al. (1936) for the same species. 
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Fig. 1. A. Difference spectra obtained by subtracting optical density values for each bleached 
solution from those for the same solution before bleaching. Difference values are scaled, such 
that in each case the point of maximum difference in optical density is equal to 1-0. A, 
gurnard; [], plaice; @; pollack; o, frog. B. Difference spectra reported by Bayliss e¢ al. 
(1936) for the same species of teleosts. A, gurnard; (], plaice; @, pollack. 


Since the absorption characteristics of the photolabile pigment which may 
be extracted by detergent solutions from the dark adapted retina of the frog 
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have been established previously (Lythgoe, 1937; Wald, 1938; Chase & Haig, 
1938), and since there is no dissension as to the position of the absorption 
maximum in such extracts, data obtained from retinal extracts of the frog are 
presented herein. Wald (1938) places the absorption maximum for the «-band 
of rhodopsin at 500+2 mu. Bayliss et al. (1936) state that the maximum for 
the difference spectrum obtained with frog extracts lies at about 505 my. 
In the present study, both unbleached extracts and difference spectra for the 
frog exhibit maxima near 500 my. The former are in agreement with the 
results of Wald, the latter with the report of Bayliss et al. 
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Fig. 2. A. Difference spectra obtained by subtracting optical density values for each bleached 
solution from those for the same solution before bleaching. Difference values are scaled, 
such that in each case the point of maximum difference is equal to 1-0. @, trout; A, tench. 


B. Difference spectra reported by Bayliss ef al. (1936) for the same species. @, trout; 
A, tench. 


The frog extracts mentioned here were made with sodium deoxycholate 
rather than with digitonin. Chase & Haig (1938), however, found that, while 
different detergents varied considerably in efficacy, the resultant solutions 
absorbed indistinguishably in the region of the maximum. It is therefore 
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assumed here that although digitonin extracts might have shown a greater 
concentration of pigment than do the sodium deoxycholate solutions, the _ 
position of the maximum would have been unaffected. 

Retinal extracts from the marine teleosts (plaice, gurnard and pollack), 
like that from the frog, indicate the presence of rhodopsin in these species. 
The maximal absorption by unbleached solutions is at 495 my for the gurnard 
and plaice, and at 500 my for the pollack. The 400 : 500 my ratios for these 
extracts are high, disclosing the presence of a yellow contaminant. This is to 
be expected, for the procedure used was direct and included no pretreatment for 


removal of such impurities. 


The difference spectra derived from these extracts rise sharply from zero — 
at about 425 mp te a maximum near 500 my, and then slope gradually toward 
zero again near 600 my. These findings differ markedly from those of Bayliss 
et al. who found maxima at 520 my for plaice, at 530 my for pollack, and 
at 545 my for gurnard extracts. 

The absorption spectrum obtained from the unbleached extract of tench 


retinas is typical of porphyropsin. Maximum absorption occurs at 520 my, 


and a minimum occurs at 440 my. The 430: 520 my ratio is high, again 
indicating the presence of a contaminant. The difference spectrum for the 
tench has its maximum at 525 my, differing by 12 mp from the 537 mu 
maximum reported by Bayliss e¢ al. This 525 my maximum for the difference 
spectrum has also been described as typical of a mixture of porphyropsin and 
‘visual pigment 467’ by Dartnall (1952). 

Unbleached extracts from the trout absorb maximally and sharply at 510 my. 
This may be due to the presence of a mixture of rhodopsin and porphyropsin. 
These results again differ from those presented by Bayliss e¢ al. who report a 
maximum at 540 my for the difference spectrum of the trout. 


DISCUSSION 


The presence of rhodopsin in the retinas of the plaice, pollack and gurnard, of 
porphyropsin in the retina of the tench, and of a mixture of these two photo- 
pigments in the retina of the trout is indicated. Since certain of these findings 
are at variance with those reported previously by Bayliss et al., a consideration 
of the possible bearing of differences in technique upon the inconsistencies is 
essential. 

The methods of preparing the animals for extraction are quite similar in the 
two cases. All specimens were dark adapted for periods of 2-12 hr. Then, in 
deep red illumination, they were decapitated and the retinas removed. The 
latter process was conducted under a dissection microscope in the present work. 

As regards extraction of the retinas, the two techniques are again roughly 
similar. Their divergences are best illustrated by comparison of the section on 
Materials and Methods in this paper with a direct quotation from Bayliss e¢ al. : 
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‘The most difficult part was the preparation of clear solutions suitable for 
spectroscopy. Many species gave solutions containing fat which was removed 
with difficulty. Most species had a vitreous of the same density as the solution, 
making the centrifuge ineffective, nor did it disappear on shaking as does 
mammalian vitreous. To overcome these difficulties the retinae were placed 
in saline and centrifuged lightly. The supernatant fluid was then pipetted off 
and replaced by distilled water to haemolyse the numerous red blood cells. 
The solution was again centrifuged and the retinae treated with 2% digitonin 
solution (Tansley, 1931) and allowed to stand for half an hour or so. The mass 
was then centrifuged and the supernatant solution of visual purple was filtered 
and if necessary centrifuged a second time.’ 

In the present work the adherent vitreous was eliminated by filtration. 
No complication with haemoglobin or its derivatives was encountered, and it 
was unnecessary to expose the retinas to other than isotonic saline prior to 
extraction. Bayliss et al. mention neither determination nor control of pH in 
their extractives. The necessity for control of pH was not demonstrated until 
the following year (Lythgoe, 1937). The rather high pH (8-4-8-6) employed 
in the present work had no particular bearing on this investigation. Another 
study conducted concurrently required slightly alkaline solutions, and, since 
the supply of extractives was limited, solutions prepared for the other work 
were used here. 

The absorption curves presented by Bayliss et al. are difference spectra 
obtained directly by comparison of bleached with unbleached extracts from 
each species. It is assumed that the bleached solution served as a control and 
that the additional absorption by the unbleached solution was read directly. 
It is assumed also that the bleached and unbleached samples were derived 
from a single extraction. 

In the present analysis direct readings on both unbleached and bleached 
extracts are given (Table 1), and difference spectra are derived by subtraction 
(Figs. 1 and 2). 

From this examination of techniques it is apparent that the earlier and the 
present works differ in three aspects: pH at which extraction was conducted, 
method of preparing clear solutions, and method of attaining the difference 
spectrum 


The absorption spectrum of rhodopsin is unaffected by hydrogen-ion con- 
centration throughout the range pH 3-11 (Lythgoe, 1937; Chase & Haig, 1938; 
Wald, 1938). ‘The products of bleaching, and consequently the difference 
spectrum, are extremely pH-labile. The extent of this influence of pH on the 
position of the maximum in. the difference spectrum may be estimated from 
the curves for the bleaching of rhodopsin presented by Wald (1938). At pH 11, 
bleaching is rapid, and the maximum difference in absorption between bleached 
and unbleached solutions is at 500 my. In neutral solution, pH 6-9, bleaching 
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is slower and the photic and thermal components can be observed separately. 
The photic process, whose velocity is directly proportional to the intensity of 
irradiation, produces a maximum difference at 510 my; the thermal processes 
at 480 mp. The sum of these shows a maximum difference near 505 mp. 
In acid solution the velocity of the thermal components is decreased further. 
The sum of the processes shows a maximum difference at 510-515 mp. 

Over the pH range 11-3-9, then, the peak of the difference spectrum of 
rhodopsin is displaced gradually from 500 to 515 my. The maxima reported 
by Bayliss e¢ al. for difference spectra in plaice (520 my), pollack (530 my), 
and gurnard (545 my) extracts are outside these limits. 

With porphyropsin a similar situation holds. While the absorption spectrum 
of the photopigment itself is pH-stable, the colours of the bleaching products 
vary with pH. The behaviour of porphyropsin parallels that of rhodopsin, 
but the spectra of porphyropsin and of ail its products of bleaching are dis- 
placed uniformly 20-30 mp toward the red. As a result, the maxima of 
difference spectra may occur between 522 and 540 my, depending on the pH 
of the solution. The lower the pH, the higher the wave-length of the maximum. 

The tench has shown here a difference spectrum maximum at 525 my, 
typical of porphyropsin in alkaline solution. It is likely that the earlier work 
was conducted at a lower pH, and the 537 my maximum reported by Bayliss 
et al. falls directly into the 535-545 my range established by Wald (1939) for 
the region of maximum difference obtainable in neutral solution. The results 
of Bayliss et al. indicated the probable occurrence of porphyropsin in the tench 
retina; the presentation here of direct absorption data supports the prob- 
ability. 

In the retinas of euryhaline fishes mixtures of rhodopsin and porphyropsin 
systems may occur in all proportions. These mixtures and the products of their 
bleaching show absorption characteristics which are intermediate between those 
of the component systems. Absorption data presented here suggest that the 
trout, an anadromous salmonid, utilizes a mixture in which porphyropsin may 
predominate. The position of the maximum at 518 mp in the difference 
spectrum is intermediate between those obtained for rhodopsin (500 my) and 
for porphyropsin (525 my). 

Although data concerning the influence of pH on the maximum of the 


: difference spectrum in these mixtures are not available, it would seem that a 
__ very low pH would have been necessary to account for the 540 my maximum 


reported by Bayliss e al. if the trout does possess such a mixture. 

Evaluation of the effects on the difference spectra of the two clearing 
methods is more complicated than an estimation of the influence of pH. Two 
factors may be worthy of mention, however: prevailing temperature, and 
osmotic pressure of the fluids with which the retinas were treated prior to 
extraction. 
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In the present work retinas were exposed only to isotonic saline before 
extraction was begun. This procedure was followed for the specific purpose of 
preventing extraction of the photopigment by any agent other than the chosen 
extractive. Treatment of the retinas with distilled water to haemolyse red 
blood cells in the earlier work cannot have failed to extract a certain amount of 
photopigment (Chase & Haig, 1938). Bayliss et al. discuss the occurrence of 
such extraction and, in the case of the pollack, suggest that the absorption of 
the distilled water extract differed slightly from that of the digitonin extract. 

The susceptibility of rhodopsin to destruction by heat has been known since 
the time of Kiihne’s early experiments (1877-78). In the past decade the 
dangers of relatively high temperatures incident to centrifugation have been 
emphasized. In the present study, the temperature of the extract did not 
exceed 25° C at any time during the entire process of dissection, extraction 
and measurement of absorption. In the method employed by Bayliss et al. to 
prepare clear solutions, centrifugation at unspecified temperatures was carried 
out at least three and sometimes four times. 

The third point of divergence between this and the earlier work is in measure- 
ment of absorption. As was pointed out previously, Bayliss e¢ al. report only 
difference spectra obtained by direct comparison of bleached with unbleached 
solutions. The method used in the present treatment seems preferable for the 
identification of any photopigment. The difference spectrum alone has little 
meaning, particularly when it may be altered appreciably by any one of 
several variables, as is the difference spectrum of rhodopsin by variation of pH. 

This discussion concerns differences in techniques. No attempt is made to 
explain the differences in results. However, as Pantin pointed out in his pre- 
sidential address to the Zoology Section of the British Association at the 
Edinburgh meetings in 1951, biochemical materials available for the con- 
struction of functional systems are of few kinds and of unique properties. These 
materials, and these alone, will appear again and again in animals which are 
utterly sundered in their evolution. Detergent extraction of dark adapted 
retinas from divergent groups of vertebrates, with the exception of the few 
teleosts reported by Bayliss et al., has yielded rhodopsin, porphyropsin, or 
mixtures of the two. It is improbable that these few species should have 
developed different pigments. 


SUMMARY 


1. Dark adapted retinas of three marine fishes (plaice, pollack and gurnard), 
previously reported to possess unique photopigments, have been shown to 


contain pigments with absorption spectra indistinguishable from that of frog 
rhodopsin. 


2. The dark adapted retina of the fresh-water tench has been shown to 
contain a pigment with an absorption spectrum characteristic of porphyropsin. 


f 
4 
A 
| 
| 


VISUAL PURPLE FROM RETINAS OF FISHES 409* 

3. The absorption spectrum of an extract adapted trout retinas indicates 

that this anadromous teleost may utilize a mixture of rhodopsin and 
porphyropain. 

Work on marine fishes was done at The Laboratory of the Marine Biological Association, 


Plymouth, at the invitation of the Director, Mr F. 8. Russell, F.R.S. Enthusiastic co-operation 
was given by Dr W. R. G. Atkins, F.R.S., and by the entire staff of the Physiology Department at 


_ The Laboratory. The U-shaped glass blocks used to reduce the volume of the absorption cuvettes 


were prepared by Mr F. A. J. Armstrong. 

Work on fresh-water species was carried out at the Physiological Laboratory, Cambridge, 
through the courtesy of Dr W. A. H. Rushton, F.R.S., Prof. D. Keilin very kindly made available 
the facilities of the Molteno Institute, Cambridge. 
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CHANGES IN SKIN HISTAMINE AFTER REMOTE INJURY 


By E. GEIRINGER anp D. C. HARDWICK 
From the Gerontological Research Unit, University of Edinburgh 
(Received 10 July 1952) 


The biological function of histamine has been investigated mainly in relation 
to the part which this substance plays in the pathological changes of injury 
and allergy. It seems established beyond doubt that a histamine-like sub- 
stance is liberated in response to a number of-injurious stimuli and also in 
some at least of the allergic states and that the liberation of this substance is 
responsible for part of the pathological phenomena observed in these con- 
ditions. 

Histamine, however, can be shown to exist in considerable amounts in 
many normal tissues. The question therefore arises whether normal functions 
are subserved by this substance, a question which has not yet found any but 
the most vague answer. 

These two aspects of the histamine problem are obviously connected. It is 
reasonable to ask oneself how normal tissue histamine behaves during the 
period when injury or allergy are liberating histamine in some part of the body. 
The present investigation was designed to provide a partial answer to this 
problem by examining after injury changes in concentration of histamine in 
unaffected parts of the skin in the albino rat. 

Preliminary experiments having established considerable differences of skin 
histamine values at different ages, two age groups were examined, one of 
adolescent rats of about 50 days and the other of adult animals of 10-11 
months. 

METHOD 


A pure strain of Wistar albino rats was used for this experiment, 131 animals, seventy-two between 
the ages of 44 and 55 days and fifty-nine between 317 and 345 days. Under light ether anaesthesia 
the hair was clipped off with scissors and a piece of skin removed from one or the other flank, 
half way between the dorsal and ventral mid-lines. The amount removed varied from 0-19 to 
0-91 g in the younger and from 0-37 to 1-6 g in the older animals. Special attention was paid to 
the anatomical position to ensure that possible local variations in skin histamine were minimal. 
The piece of skin was transferred to saline, weighed, and then extracted and assayed as below. 
The wound was closed with Michel clips, a dorsal mid-line incision was made, and the animal was 
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subjected to bilateral mock adrenalectomy. This was done in order that the experiment could 
serve as a control to a parallel investigation on adrenalectomized animals. The wound was closed 
in the same manner as the skin defect and the animals were returned to their cages. After a vari- 
able time interval a similar piece of skin was removed from the opposite flank under light ether 
anaesthesia and assayed for skin histamine. 
Thirty-one rate between 45 and 55 days were adrenalectomized, the success of the operation 
It was found unnecessary to keep 
the adrenalectomized animals on saline since they never died before the 6th day after operation. 


In this way it was possible to keep them under the same conditions as the normal controls, namely, 


on ordinary tap water. Immediately preceding adrenalectomy a sample of skin was removed for 
skin histamine assay as above and after a variable interval a second piece was taken from the 
opposite flank. 

The pcesibility of a spread of the local reaction from the site of operation to the undisturbed 
flank was considered. Such a spread would have invalidated our findings as it could lead to changes 
in histamine content by purely local mechanisms. Strips of skin were therefore examined from 
this point of view and we were able to satisfy ourselves that under the conditions of the experi- 
ment no such spread of reaction was taking place. The results of a number of cases in which the 
dorsal incision and mock adrenalectomy were omitted further confirmed this conclusion. This 
experimental arrangement enabled us to get rid of the difficulty of the variation between in- 
dividuals which besets this type of problem. The values obtained from the first piece of skin make 
it possible to determine whether skin histamine had changed or not in each individual case 
without any necessity to refer to normal averages. 


Extraction and assay of histamine 
The skin samples were dried between filter-paper, weighed, minced with scissors and ground 
with sand. The mixture was washed into a beaker with 50 ml. of 5 % (w/v) trichloroacetic acid. 
After standing for 1} hr or overnight the precipitates were filtered off and the filtrates treated 
according to Code’s (1937) modification of Barsoum & Gaddum’s (1935) method. The resulting 


‘solutions were tested on an isolated portion of guinea-pig ileum suspended in atropinized Tyrode’s 


solution. 

The substance measured was shown to resemble histamine in some samples by abolishing the 
response of the guinea-pig intestine with 0-1 ml. of 1:2 x 10-* mepyramine solution. It was seen 
that the gut recovered responses to histamine and the substance measured in a parallel manner. 
Together with the fact that the responses of the intestine to the standard and the unknown 
solution were identical and that the method of extraction is to some extent selective for histamine 
(removing substances unstable to acid) it was considered that the substance measured was 

RESULTS 

Normal animals 
The skin histamine values before and after injury are shown in Tables 1 and 2. 
After possible fluctuations for 6-8 hr, skin histamine in both age groups 
begins to rise, reaching a peak at 12-24 hr and then receding gradually to its 
initial value over the next day or two. It was noted that at the time when 
this rise in skin histamine was taking place the animals appeared perfectly 
well. 

The main difference between the two age groups was a lower and earlier 
peak with quicker return to normal in the older animals. No sex difference 
was noted in either group. The amount of rise showed some direct relation to 
the size of the injury in the younger group but such a relationship was not 
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demonstrable among the older animals. The initial skin histamine values also 
influenced the type of response in the younger group. Animals with high initia! 
values tended to show a temporary fall and animals with low initial values 
Taste 1. Skin histamine (SH) values of rate aged 50 days before and after remote injury 
Initial Initial 
Time SH Time Body SH 
injury Sex (g) % % injury Sex (g) % % 
20min F. 12 £080 37 6br M. 14 £043 +444 
F. 100 034 2t + 87 F. 101 055 29 +241 
029 28 —143 F. 16 0-31 712 ) 
M. 150 0689 23+ 0 F. 0-36 4a 
M. 135 0-51 23t +21-7 M. 0-30 —22-2 
M. 127 046 2 —16 = 21t 
+ 
M 106 O88} OF +444 Mean 1054 039 24 +148 
M 106 +389 
Fr. 107 O82 26 M. 18 O88 38 +286 } 
114 086 489 F. 138 084 2 
F. ll 046 26 0 M. 119 O87 26 416 
F. 114 048 32 +188 M 9 0386 413 
M. 171 O88 +195 M 100 O85 4+ 9% 
M. 173 £080 27 ~185 M. 104 O21 39 + 69 
M. 104 045 26 +769 M. 116 042 24t +41-7 
13 040 28 + Fr 32 
| Mean 1187 049 243 4153 Mean 1074 087 258 416 
M. 1298 O82 0 %hr F. 90 35 +31-4 
i F. 101 085 29 0 M. 114 £4067 30t +50 
7 M. 115 O48 8 2it —38-1 F. 0-42 39 +28-2 
M. 123 086 21¢ —338 M. 113 £041 22+ +100 
F. 10 O87 30 —30 84 O64 36 + 83 
142 0-19 225t 0 M. 102 0-37 32t —125 
M 144 #£Of17 32 40-6 10 041 +429 
- F. 106 051 32+ +25 
+11- 
lor Mean 1008 046 305 +342 
1 + 
F. 100 O81 Mt 450 
~ M. 19 085 33. 4+ 61 
; M. 114 0-27 34 —35-3 F. 95 0-80 33 +303 ) 
Mean 1204 0-28 26 49 M. 188 O48 437 
F. 100 06 +536 
M. 117 0-43 30 +138 
q Fr. 12 088 81 
Mean 114 054 285 +266 
M. 127 O48 +4364. 
| — 88 
| im. om @ ‘na > 
sam x 
+ the with low skin 
| Mean 1253 046 318 +108 
> 
iq tended to show an immediate rise. As a result the two curves, though similar 
1 in shape, are separated by about 20 %. That there is no such difference in the 
. case of the older animals points to it being a significant observation and not 
i @ mathematical consequence of the standard error of assay. 
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also TasLe 2. Skin histamine (SH) values of rate aged 333 days before and after remote injury 
7 Initial Initial 
ues ney Sx % injury Sex % (uglg) 
. 184 06 2 0 
y M 335 O88 9 -1l M. 339 023 11 
F, 185 17 0 F. 195 042 16 +25 
F. 198 O88 18 315 O19 11 +27 
% M 8390 O17 20 +10 M. 327 0285 2 415 
Mean 258 O85 1561 M 6330060889 +32 
+ Mean 264 032 159 
+ 48 F. 180 051 13 +23 24hbr FF. 188 12 +25 
—22-2 M. 318 0-31 19 -ll M. 325 O32 16 +6 
+429 F, 189 046 #817 + 6 M. 290 080 17 +6 
+ 48 F. 230 026 10 0 F. 29 O98 8 +25 
+23-8 F, 207 0-28 8 21 +19 M. 330. 0-22 9 +33 
— 44 F. 22 O81 2 +9 F. 210 O83 18 +33 
+409 M. 30 O21 2 +13 F. 2b O49 18 +44 
4148 M. 304 2 +14 M. 338 O88 19 +11 
Mean 254 @32 176 +74 
j 170 00 Mean 266 037 152 +215 
+16 M 330 of 12 4shr M. S47 O47 20 
+13 M 32 Ob 11 +18 F. 18 O83 15 —20 
+ 95 F, 195 032 86419 —21 F. 190 039 8612 —17 
+ 69 M. 3818 O21 13 -15 M. 380 O19 18 
+41-7 F. 27 O86 21 -6 F. 210 036 16 +6 
— 32 F. 198 O29 21 +33 F. 220 085 17 +18 
416 M. 310 O84 2% +4 M. 215 O29 19 +5 
Mean 257 O81 168 +07 
aan Mean 265 0835 184 +09 
+ 83 is «416-12 
~125 F 18 18 
M. 17 10 #£«-2 
3 
+342 
Wt- of sample x 100 M 301 O19 2 +20 
% injury: "Rody wt. Mean 2665 028 155 
Adrenalectomized animals 
1536 The results in the adrenalectomized animals showed a considerable amount 
= of variation (Table 3). The group was a small one, and the only conclusion 
+266 which can be drawn with any degree of certainty is that the return to normal 
+36-4 was delayed. The values of histamine in the unaffected part of the skin were 
7959 \ still considerably above normal at 72 hr. It would also appear possible that 
rts the rise in skin histamine after injury is more immediate and extensive in 
~ 86 } adrenalectomized animals. In two rats, skin histamine values were deter- 
respectively. 
ar "The original values in the three tables help to give an accurate idea of the 
he | normal skin histamine in this strain of rats. This was found to vary from 9 to 
ot | 43 ug/g in the young group (average 27) and 8-30 in the older group (average 
16). 
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The results presented in this paper cannot be properly evaluated without 
information on the variation of values of samples taken simultaneously from 
both flanks of the same animal. Table 4 shows the results of an experiment in 


Initial 
Body SH Time Body SH 
Sex (g) (gig) injury Sex (8) 
8 =séF. 91 + 
M. 119 054 22 +63-9 M. 106 066 2 _ +136 
M 124 020 27 —29-7 -- FB, 92 082 33 + 303 
Mean 121-5 036 23 +182 Mean 965 067 S28 # «+ 504 
1 —108 48hr M. 122 056 27 + 
F. is O81 24 F, 101 085 28 + 17 
F. 110 033 27 0 M. 126 055 29 + 27 
M. 187 034 2 + 8 F. 95 068 4! + 22 
FP. 86 17 +29-4 M. . 121 069 26 +1154 
M. 99 036 25 -12 
F. 82 034 2 +24 Mean 113 067 302 £+ 3841 
M. 85 024 22 + 45 M. ons + at 
F. 1 + 
Mean 1079 035 253 +122 M. 126 28 
M. 11M 033 2 +28 
034 23 ~ M. 122 064 #818 + 889 
Mean 1065 039 235 +15-5 


Tastx 4, Skin histamine values of samples taken within 3 min of each other — 
No. of Age Body wt. InitialSH 2ndSH change 


expt. Sex (days) (g) (ug/g) value (ug/g) % 
149 F. 28 37 57-9 54-4 — 604 
150 M. 28 34 54-6 53 — 2-93 
152 M. 28 33 30-2 54:8 + 81-46 
153 F. 28 32 48-8 39-4 — 19-26 
129 F. 158 172 17-4 16-5 §17 
131 F. 158 179 12:8 13-6 + 625 
132 M. 158 307 14:3 13 = 
133 M. 158 319 17 19-8 + 16-47 
134 F. 235 209 22-2 16-2 — 27-02 
135 F. 235 204 13-8 148 + 724 
137 M. 235 272 11-8 15-1 + 27-96 
139 M. 286 353 13-4 16-2 + 20-89 
140 M. 286 342 13-4 11-9 —11-19 
14] F, 286 220 15-8 16-3 + 3-16 
142 286 194 18-4 17:3 698 
143 F, 286 214 16-4 15-7 — 427 
Means 23-64 24-25 + 4653 


which samples were taken within 3 min of one another. This table shows a 
random variation between the values of the two flanks, i.e. the second sample 
taken from the same animal was as likely to show a lower as a higher value 
than the first. The group is small and the possibility cannot be excluded that 
amongst the younger animals a small effect was produced by the anaesthesia 


and injury upon the skin histamine value of the second sample even within 
this short time. 
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These values have been used to determine the probability of difference from 
zero in our experiments by Student’s ¢ test. In the young normal group ¢ 
showed 2-5 % chance of identity at 24 and 48 hr, whereas with the older group 
t showed 2-5 % at 12 hr and 5-10 % at 24hr. In the adrenalectomized 
group values of ¢ gave 0-1-1-0% at 24hr, 2-5% at 48hr and 72hr. All 
other changes were shown to be not significantly different from the control 


group. 
DISCUSSION 


The most general conclusion which can be drawn from this experiment is that, 
in the rat, injury of one part of the skin will lead to changes in histamine 
content of another, undisturbed, area of skin. This view is confirmed by an 
analysis of figures published by Tarras-Wahlberg (1937) for rabbits and cats 
and by Dekanski for cats (1947), although Kisima (quoted by Dekanski, 
1945) apparently did not observe such a change in the dog. A release of hist- 
amine after trauma from non-traumatized tissues may be suspected in Ziemke’s 
experiment (1949). He detected an immediate rise in blood histamine in 
rabbits before a discharge of histamine from the frozen and ischaemic ear 
could reasonably have been expected. Apart from the general importance of 
this finding it is of particular heuristic interest. Numerous workers of the 
past, in investigating the release of histamine from injured areas of skin, have 
utilized uninjured parts of the skin of the same animal as their normal controls 
(e.g. Dekanski, 1947; Tarras-Wahlberg, 1937; Nilzen, 1947). The results of 
the present investigation show that depending on the time on which such a 
‘normal control’ is taken, the results can become quite contradictory. 

This investigation does not concern itself with events taking place in the 
injured area. There is, however, information from numerous sources to indicate 
that histamine is released from the site of injury. Whether this release is 
reflected in a concomitant decrease in skin histamine values seems to depend 
on the ratio of histamine formation to histamine disposal and on the hista- 
“Mine content of the blood elements and varies, therefore, greatly with the 
species, the type and extent of injury and the time after injury at which estima- 
tions are carried out. This whole problem is admirably and extensively re- 
viewed by Nilzen (1947). Hitherto the concept of this process has been that 
it represents a purely local interaction between the noxious stimulus and the 
injured cells. The results of the present investigation suggest, however, that 
systemic factors may induce a similar effect in parts of the skin which were 
not subjected to the injurious stimulus, and this in turn suggests the possi- 
bility that these systemic factors may be partly responsible for the ‘local’ 
reaction in the injured part. 

The changes in skin histamine values of unaffected skin go through three 
phases: an early phase. of 6-8 hr in which negative and positive changes 
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(usually of small extent) are found to occur, a phase of rise lasting for about 
24 hr and a phase of return to normal. These three phases may usefully be 
discussed separately. 

The early phase. Normal values for tissue histamine are fairly constant and 
it was shown by Anrep and co-workers (Anrep, Ayadi, Barsoum, Smith & 
Talaat, 1944) that histamine is excreted in urine. Therefore normal histamine 
values are maintained in a dynamic equilibrium and any alteration of the 
rate of production or disposal of histamine will alter the tissue levels. Removal 
of the adrenal glands, as was shown by Rose & Browne (1941), results in 
-increased histamine levels in many tissues for at least 12 days. In line with 
this are the well-substantiated observations on the greatly increased hist- 
amine sensitivity of adrenalectomized rats (Gottesman & Gottesman, 1928; 
Perla & Gottesman, 1931; Ingle, 1937; Noble & Collip, 1941, etc.). The 
mechanism by which adrenal hormone affects the removal of histamine is not 
known. Rose & Browne (1938) showed that injected histamine disappears 
more slowly in adrenalectomized than in normal rats, and Rose subsequently 
(1939) found that the rate of histamine disposal can be restored to normal by 
the administration of high doses of cortin or deoxycorticosterone acetate. This 
points in the same direction as our results, and the fact that doses higher than 
those needed for maintenance were required by these workers to restore the 
rate of histamine disposal suggests, as do our own results, that there is a 
quantitative relation between the amount of histamine to be disposed of and 
the amount of adrenal hormone needed for its disposal. Thus, normal adrenal 
activity seems to be one of the factors maintaining normal histamine levels 
and increased adrenal activity seems required to deal with abnormally high 
histamine levels. 

These considerations, together with what has lately become known about 
the reaction of the adrenal gland to stress, suggests a possible explanation for 
the fact that a definite rise in skin histamine could not be observed for 8 hr. 
This may represent the phase of acute stress (nervous and chemical stimuli 
from the injured area together with the emotional upset and the effect of 
ether anaesthesia combining to evoke a marked adrenal response) which would 
account for the suppression of any potential rise in tissue histamine. Staub 
(1946) showed that injection of adrenaline in men results in a great increase 
in blood histamine levels, i.e. presumably in liberation of tissue histamine into 
the blood. Thus the initial release of adrenaline in response to injury would 
in itself tend to suppress a potential increase in skin histamine by favouring 
its liberation into the blood; the subsequent release of cortical steroids would 
further potentiate this effect. 

The results in the adrenalectomized animals (Table 3) agree with this 
hypothesis, as there is a tendency to immediate rise in skin histamine not 
observed in the normal groups. However, if the changes are correlated with 
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initial skin histamine values the results suggest the possibility of residual 
adrenal activity in the first few hours after adrenalectomy. Analysis shows 
that a high initial value goes with a tendency to a temporary drop of skin 
histamine after injury, whilst low initial values go with a tendency to an 
immediate rise of skin histamine after injury. This would suggest that the 
animals with low initial values were at the beginning of the experiment already 
under the effect of adrenocortical response to mild stress. Owing to depletion 
of adrenocortical reserves, injury would in these animals lead to an unrestrained 
rise of skin histamine. The group with high initial skin histamine values may 
be taken to represent normal unstressed animals in which injury is followed 
by a vigorous adrenocortical response with temporary depression of skin 
histamine. 

The phase of rise. At 12 and 24 hr after injury the increase in skin histamine 
values is clearly marked. The animals meanwhile had become quite normal, and 
the rise in skin histamine did not seem to interfere at all with their well being. 

It is not easy to say whether the rise in this phase could be accounted for 
by discharge of histamine from the injured site. Interpretation of the liter- 
ature is difficult for reasons stated above. Since injected histamine is deposited 
in various tissues (Kun, 1947) it is reasonable to assume that if histamine is 
still discharged from the injury after 24 hr, it may contribute to the rise of 
histamine in other parts of the skin. Catabolic activity in the injured area 
provides a potential source of histamine for many days but probably not on 
a sufficiently large scale. 

At 24 hr (in the younger group) the average total increase in skin histamine 
amounts to approximately 140ug per animal. Many times this amount would 
have to be releaséd from the site of injury if the ability of the other tissues to 
retain circulating histamine (Rose & Browne, 1938; Kun, 1947) and the con- 
tinuous disposal of histamine (Rose & Browne, 1938) are taken into con- 
sideration. One therefore has to consider the possibility that small amounts 
of histamine released from the injured area and reaching other tissues might 
there initiate a phase of increased catabolism in accordance with the findings 
of Hiller (1926). It is a confirmed observation that the phase of negative 
nitrogen balance which follows severe injury cannot be accounted for by tissue 
breakdown in the injured area (Cuthbertson, 1930; Munro & Cumming, 1948). 

Three further possibilities may be considered. A normal and continuous 
formation of histamine probably occurs in the skin, and the rise in this second 
phase may be due to the inhibition of a normal elimination mechanism. Two 
rats whose skin histamine we estimated 7 days after adrenalectomy showed 
an increase above normal values of 42 and 55 % respectively thus suggesting 
that Rose & Browne’s findings (1941) also apply to the skin and that adrenal 
activity is necessary to keep skin histamine from rising above its normal level. 
Therefore, the rise might be interpreted as a phase of relative — 
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hypofunction following the acute stress reaction or a phase of normal adrenal 
activity ensuing after the effective stress stimuli have ceased to act. Secondly, 
the injured tissues may metabolize cortical hormones at an increased rate 
thus depriving other tissues of their normal share (Selye, 1950). Thirdly, 
increased intestinal absorption of histamine might account for the rise in 
this phase. 


A rise of skin histamine values in unaffected areas after injury may not be 


confined to the rat. An analysis of Tarras-Wahlberg’s figures (1937) for skin 
histamine in rabbits after ultraviolet irradiation reveals a maximum at 48 hr 
for normal skin if plotted per unit weight; the cat shows a minimum at this 
time. Plotting the curves for irradiated and control animals from Tarras- 
Wahlberg’s figures illustrates very clearly the danger already mentioned of 
taking parallel samples of unaffected skin as controls. 

The return to normal. Under the conditions obtaining in this experiment 
skin histamine in normal animals returned to about the original level in 72 hr 
in the case of the young and in about 48 hr in the case of the old animals. 
This difference, together with the fact that the rise reached higher levels and 
continued for longer in the young animals, may be due to the relatively 
larger injury which these smaller animals sustained. On the other hand, it 
may represent a true age difference in reactivity. The separation of results 
with low and high initial values in the younger animals suggests a greater 
sensitivity of the histamine system to stress; and the 3 min results (Table 4), 
as well as the possible correlation with injury in the younger but not the older 
animals, point in the same direction. 

Rose & Browne’s findings (1941) have shown that adrenalectomy without 
further injury results in a chronic rise of tissue histamine values. The present 
experiment showed that injury without adrenalectomy results in a temporary 
rise of skin histamine. It is therefore not surprising that the adrenalectomized 
rats which had been subjected to removal of skin show a considerable elevation 
of skin histamine 72 hr after injury. Marshall (1943) gives agonal values for 
skin histamine after adrenalectomy. Unfortunately, he used animals 3-5 
weeks old, which in our experience are subject to tremendous fluctuations in 
skin histamine. Thus, from 21 to 25 days there may be a 35 % drop in skin 
histamine content so that rats of this age are unsuited for this type of experi- 
ment unless the values obtained are controlled for litter size, weight, and time 
of weaning. An investigation along these lines will be reported elsewhere. 

Our experiments offer no information as to the method of removal of 
histamine. Histaminase activity and excretion through the kidneys or even the 
bowel (Myhrman, 1943) are the three most likely mechanisms. The results of 
this investigation are not necessarily applicable to species other than the rat; 
indeed, in view of ‘a peculiarities of the histamine metabolism in the rat it 
is to be anticipated that other animals may respond differently. 
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SUMMARY 


1. Albino rats were subjected to removal of a piece of skin and either mock 
or actual adrenalectomy. A second piece of skin was removed 20 min to 3 days 
after the operation and the histamine contents of the two pieces were 
measured. 

2. Approximately 8 hr after injury the skin histamine rose, reaching a 
maximum at 12-24 hr and returning to normal 1-2 days later. 

3. With rats aged 50 days values rose later and higher and took longer to 
return to normal than with 330-day rats. 

4. In the adrenalectomized group values rose earlier and higher and did 
not return to normal within 3 days. 

5. It is suggested that the rise may be connected with the post-traumatic 
catabolic phase and especially with a decrease of adrenocortical function. 
An increase of adrenal hormones during the initial alarm reaction was thought 
to account for the delay in the rise. 

6. The results show the danger of using apparently unaffected tissues as 
controls in histamine experiments. 


We are indebted to our assistant, Miss Joan Stewart, for her skilful help, and to Drs R. Kappeler- 


Adler and H. M. Adam of the Pharmacology Department of Edinburgh University for their 
advice. The work of this unit was made possible by a grant from Lord Nuffield. 


REFERENCES 
Anrep, J. V., Avanti, M. 8., Barsovum, G. 8., Surru, J. R. & Tatar, M. M. (1944). The excretion 
of histamine in urine. J. Physiol. 103, 155-174. 
Barsou, G. 8. & Gappvum, J. H. (1935). Pharmacological estimation of adenosine and histamine 
in blood. J. Physiol. 85, 1-14. 
Onn F. (1937). The quantitative estimation of histamine in the blood. J. Physiol. 89, 257- 


on certain abnormal conditions of bone. J. 24, 1244-1263. 
Decaxon 3 (1945). The effect of cutaneous burns on histamine in mice. J. Physiol. 104, 


hysiol. 106 
Pant J. M. & Gorresman, J. A cmon Use of histamine as standard test for diminished 
resistance in J. exp. Med. 47, 503-514. 
A. (1926). J. biol. Chem. 68, 847-864. 
Inez, D. J. (1987). Resistance of the rat to histamine shock after destruction of the adrenal 
medulla. Amer. J. Physiol. 118, 57-63. 


Se en endotoxin on histamine content of blood, and tissues of 
Soc, exp. , N.Y., 66, 197-201. 
B. (1943). The inflame of edrena otal dotciencyon histamine content of 
Physiol. 102, 180- 


Nitrogen metabolism after fracture. Nature, Lond., 


mi (1943). Continued investigation of histamine in faeces. Acta med. scand. 115, 


obtaining in urticaria and related skin changes. 
27—2 


s 

4 
qd 


420 E. GEIRINGER AND D. C. HARDWICK 


Noszs, R. C. & J. B. (1941), The response of normal, 
ectomised rate Amer. J, P. 623-633. 


Pzrata, D. & Gorrmsman, J. M. (1931). 
renalectomised rate rate to histamine poisoning. Proc. Soe. exp. Bicl., N.Y., 28, 650-653. 
Ross, B. (1939). The effect of cortin and deso rti acetate on the ability of the 

adrenalectomised rat to inactivate histamine. Amer. J. Physiol. 127, 780-784. 
Ross, B. & Browns, J. 8. L. (1938). The distribution and rate of disappearance of intravenously 
injected histamine in the rat. Amer. J. Physiol. 124, 412-420. 


Ross, B, & Browns, J. 8. L. (1941). The effect of adrenalectomy on histamine content of the 
tissues of the rat. Amer. J. Physiol. 131, 589-594. 

Suryz, H. (1950). Stress, p. 93. Montreal: Acta, Inc. 

Sravs, H. (1946). Zum Wirkung hani des Adrenalins. Schweiz. med. Wschr. 76, 818-820. 

Tannas-Wanceena, B. (1937). ‘Ober den Histamingehalt der Haut nach Ultr iolettbestrah! 
Klin. Wachr. 16, 958-960. 


Bluthistaminspiegel und Srtliche Erfrierung. Arch. exp. Path. Pharmak. 


~ 


Ey 

tie 
th 
th 
br 
it 
P) 

pI 
0} 

wi 
fo 
ne 
| ea 
ti 
80 
T 
tk 
st 
Cl 

la 
T 
a 

0! 


J. Physiol. (1953) 119, 421-427 


PYRUVATE OXIDASE SYSTEM IN BRAIN TISSUE 


By R. A. PETERS anp R. W. WAKELIN 
From the Department of Biochemistry, University of Oxford 
(Received 14 July 1952) 


Ever since the discovery of the catalytic effect of fumarate on muscle respira- 
tion by Szent-Gyérgyi (1935) and the proposal of the ‘citric acid’ cycle for 
the oxidation of pyruvate by Krebs & Johnson (1937), it has been clear that 
the pyruvate oxidase system in brain might include the fumarate catalysis, 
and this cycle. But in studies of brain tissue from the pigeon in the so-called 
brain brei made by mashing the tissue (preferably under warm conditions), 
it was impossible to find any effect of added fumarate upon the oxidation of 
pyruvate. In 1939, Banga, Ochoa & Peters were able to show that in a ground 
preparation of brain, called by them a ‘dispersion’, fumarate catalysed the 
oxidation of pyruvate. Although this connected our investigations with the 
work of Szent-Gyérgyi and colleagues it did not provide sufficient grounds 
for adopting the citric acid cycle, because citrate itself and cis-aconitate did 
not exert the catalytic effect on the oxidation of pyruvate which could be 
easily observed with succinate, fumarate, «-keto-glutarate and malate. 
In later work (Coxon, Liébecq & Peters, 1949) it was shown that the oxida- 
tion of pyruvate catalysed by fumarate led to formation of citrate and 
a-ketoglutarate. It was then concluded that in the presence of fumarate (or 
some other members of the cycle) some tricarboxylic acid cycle was in opera- 
tion during the oxidation of pyruvate. There remained, nevertheless, the 
awkward point that citrate itself would not catalyse the oxidation of pyruvate. 
This was one of the reasons which induced Coxon & Peters (1950) to suggest 
that cis-aconitate might still be the intermediate, though Ogston (1948) had 
suggested on theoretical grounds that it need not be so, and this was proved 
by Potter & Heidelberger (1949). If it could be demonstrated that added 
citrate did not penetrate to the active centre concerned, this would remove our 
last objection to adopting the tricarboxylic acid cycle in the brain system. 
There are reasons for thinking that the fluorotricarboxylic acid (fluorocitric 
acid), which has been isolated recently by us from the products of the action 
of fluoroacetate upon kidney preparations (Peters, Wakelin & Buffa, 1952), 


421 


422 R. A. PETERS AND R. W. WAKELIN 


among the enzymes of the cycle is a specific inhibitor of aconitase (Lotspeich, 
Peters & Wilson, 1952); its presence therefore stops the ‘cycle’ in tissues at 
the citric acid stage. Two explanations were therefore possible of the failure 
of citrate to catalyse the oxidation of pyruvate which was demonstrated for 
other members of the ‘cycle’; either citrate is not on the direct path of oxida- 
tion, or citrate ddes not penetrate the particles of these dispersions and 
therefore fails to reach the part of the pyruvate oxidase system present in 
them. If it happened that fluorocitrate penetrated, and stopped the aconi- 
tase at the citrate stage, it should be possible to show that in preparations 
treated with fluorocitrate there is a decreased oxygen uptake when pyruvate 
and fumarate are added, together with an increased accumulation of citrate. 
This experiment has been realized and will be described below, together with 
two others relevant to the matter. 


METHODS 


The fluorocitric acid was prepared by us from rabbit kidney by the method of Peters et ai. 
(1952). The fluorotricarboxylic acid is called here fluorocitric acid, because it appears to be 
chemically identical with a specimen of synthetic fluorocitrate made by D. G. A. Rivett (Porton) ; 
though the latter only has half the biological activity, as might be expected from steric con- 
siderations. Sodium pyruvate was prepared in the laboratory; sodium fumarate was of Analar 
quality; ATP was from commercial sources. Preparations of ‘dispersions’ (homogenates) of 
pigeon’s brain were made by grinding in a mortar by the methods described by Banga et al. 
(1939). The brei was made by the usual methods described in this laboratory, mincing with 
a small bone spatula upon a warmed plate. Citric acid was estimated by the method of Pucher, 
Sherman & Vickery as modified by Buffa & Peters (1949). 

The brains were prepared for citrate estimation by removing them from the skull as rapidly as 
possible after guillotining, and grinding them in ice-cold trichloroacetic acid. This latter process 
took approx. | min 10 sec from the time of guillotining. 


RESULTS 

Homogenate. Fig. 1 gives the essential details of an experiment using the 
centrifuged particles from a dispersion centrifuged for 20 min at approx. 
4000 g in the cold room. It was therefore a preparation of ‘large particles’ 
from the brain dispersion. When reinforced with magnesium and ATP, such 
& preparation gives a good oxygen uptake with added pyruvate and fumarate, 
much less with pyruvate and practically none in the absence of exogenous 
substrate. Results with pyruvate alone and with no substrate are included 
for completeness; they are less significant, since, in the absence of members 
of the cycle, pyruvate is degraded to acetate. It will be seen (Fig. 1) that 
with added fumarate and pyruvate the oxygen uptake was reduced some 64 °, 
by the addition of fluorocitrate, whereas the citrate found at the end of the 
experiment after 30 min was increased 2-8 times. Two experiments were also 
made on non-centrifuged homogenates which gave precisely the same result, 
though in this case the residual uptake was larger; for the bottles containing 
pyruvate and fumarate with and without fluorocitrate, the fluorocitrate 
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decreased the O, uptake by 44 and 51%, and increased the citrate content 
4 and 6 times respectively. These experiments leave no doubt that the decrease 
in the oxygen uptake produced by the fluorocitrate was associated with 
a decrease in metabolism of citrate. 


300 40.995 femole citrate 
200 
re) ° 3-76 pmole citrate 
100 0-070 
¢.cit- 0-219 
pyre 
Res. +f. cit. 
10 20 30 
Minutes 


Fig. 1. The effect of citrate inhibitor (fluorocitrate) on the oxygen uptake and citrate accumulation 
in homogenates of pigeon brain. 

Tissue: approx. 200 mg/bottle. Temp. 38° C. Period of experiment, 30 min. Each bottle 
contained 0 or 27 umole pyruvate, 0 or 10 umole fumarate, 1-2 umole ATP, 4-0 umole 
MgCl, and 0-063 m-phosphate buffer, made up to 3-0 ml. with 0-134. m-KCl. Fluorocitrate 
12 pg (20 unite approx., Buffa, Peters & Wakelin, 1951). The actual O, uptake and citrate 
values obtained in the bottles are recorded; they are the averages of satisfactory duplicates. 
(1 pmole =192 yg citric acid). 

Brei. Two experiments have also been made with brei preparations using 
relatively large amounts of fluorocitrate. In these experiments no change in 
oxygen uptake was demonstrated as the result of added fluorocitrate, but 
there was a small accumulation of citrate observed in its presence (Table 1). 
More weight must perhaps be attached to the citrate accumulation than to the 
absence of change in oxygen uptake, because we have often found that 
fluorocitrate-inhibited kidney particle preparations show no correspondence 
between oxygen uptake and citrate accumulation, probably because the action 
is on aconitase. In the case of these brei experiments, however, the change 
in oxygen uptake due to failure of oxidation of 0-5 umole citrate would be 
well within the experimental error. 
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Taste 1. Effect of fluorocitrate upon O, uptake and citrate accumulation in brain brei (pigeon), 
100+ 20 mg: 0-1} hr of respiration at 38° C in air. The bottles contained in addition to brei, 
Ringer-phosphate pH 7-35 to 3-0 ml.; additions were Na pyruvate (6 mg) and fluorocitrate 
(40 units). O, uptake and citrate per 200 mg wet weight for 90 min 


260 0-078 


Residual 

Residual + fluorocitrate 217 0-13 
Pyruvate 545 0-05 
Pyruvate + fluorocitrate 552 0-25 


To be directly comparable with values in Fig. 1, these amounts have been reduced to 200 mg 
tissue. The values are calculated from the actual weights of brain brei (83-122 mg) in each bottle, 
and are the average of duplicates. 

Relation to events in vivo 

Buffa & Peters (1949) have demonstrated already the marked increase in 
citrate content of brain tissue in vivo due to injection of fluoroacetate; in 
the pigeon it was a change from 48 ug/g in the control to 221 wg/g in the 
poisoned bird. It is difficult to understand why no poisoning occurred with 
fluoroacetate in brain homogenates or brei (Liébecq & Peters, 1949); it must 
be assumed that some factor needed for the condensation to fluorocitrate is 
absent in vitro, or that some fluorocitrate penetrates the brain barrier; both 
these assumptions at this stage seem unlikely. 

It was felt that if fluorocitrate induced the toxic phenomena, it might 
induce physiological and biochemical disturbance when injected directly into 
the brain. Table 2 summarizes some preliminary experiments in which 
synthetic fluorocitrate (kindly supplied by Dr Rivett) and natural fluoro- 
citrate were injected into the subarachnoid space of anaesthetized pigeons in 
the region of the right cerebral hemisphere. It will be noted that the three 
pigeons died (or were killed in extremis) in convulsions simulating those of 
vitamin B, deficiency within 27, 14 and 15 min respectively; even in this 
short time there had been some citric acid accumulation, though there was 
no accumulation in the other tissues analysed; hence there was no indication 
that the fluorocitrate had penetrated elsewhere. In two controls injected 
with saline, no abnormalities were seen and the citrate content was very low. 
In three birds injections of 150-200 yg fluoroacetate produced no effect. Two 
birds were also injected with citrate; one showed transient head retraction 
as it was coming, round from the anaesthetic; the other showed no abnor- 
mality. Not more than one-fifth of the injected citrate was present at the 
time of killing. The amount of citrate used was much less per kg than in the 
experiments of Huggins & Hastings (1933) on dogs. The results of the injection 
experiments leave no doubt as to the toxicity of fluorocitric acid in vivo; hence 


they prove the contention that the toxicity of fluoroacetate is due to a lethal 
synthesis (Peters, 1952a). 
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Tas_z 2. Effect of intracranial injections of fluorocitrate in vivo upon pigeons* 


bird Amount after A —, 
(g) Compound go 0 (min) Brain Heart Liver Kidney Remarks 
330 Fluorocitratet 27 156 566 14 Nil 19 min: typical head 
(synthetio)t retraction and con- 
| vulsion ; died, 27 min 
- Fluorocitrate 228 14 1425 Nil WNil 9 12 min: typical head 
(synthetic) (0-03 fal.) ' retraction and con- 
vulsion. Killed 
| while dying 
$28 Fluorocitrate | 15 =: 125 — — 12 min: jerky move- 
(natural) (0-05 ml.) ment. 13 min: head 
retraction and con- 
vulsion. Killed 
| while dying 
336 =«.- Saline (NaCl10-9%) 0-1 mi. 20 bi —- — — Normal in 8 min 
347 ~=Saline (NaCl0-9%) 0-05 ml. 16 6 — — Normal in 7 min 
300 ~=—s—« Citrate 262 14 35 —- — — 2 min: after inj 
(0-04 mL.) 
Normal in 10 min 
292 ©Citratet 262 14 278: —- — — Normal in 10 min 
(0-04 ml.) 


7 Na salts were used. 


t The synthetic acid contains 100 units inhibitor in 120 yg; the natural, 200 in 120 yg. 


DISCUSSION 


There is much indirect evidence from fluoroacetate experiments, as well as 
directly from the work with our less pure and pure fluorocitrate (Peters, 
19526), that the latter is a specific inhibitor of aconitase, so far at least as 
enzymes of the ‘cycle’ are concerned. In these experiments, the use of 
fluorocitrate as a selective inhibitor is described for the first time; the authors 
believe that with its use, there is now the final biochemical proof, using the 
brain dispersion, that the total pyruvate oxidase system includes the enzymes 
of the tricarboxylic acid cycle, i.e. 
pyruvate oxidase system (brain) = pyruvate dehydrogenase + the enzymes 

of the tricarboxylic acid cycle. 
(The term pyruvate dehydrogenase is used here to mean the agent catalysing 
the oxidative-decarboxylation of pyruvate.) The failure to observe catalysis 
in the homogenate with added citrate is well-interpreted as due to the failure 
of added citrate to reach the active centres, owing presumably to the physical 
state of the dispersion. It is well known that in the brei preparations the 
effect of fumarate in improving the oxidation of pyruvate is generally slight, 
even though the enzymes are present and though vitamin B, can 
penetrate the brei. It might be thought that this means that the oxidation 


H before before injection. In Expts. 1, 2, 


i 
2 
4 q 
5 2 
6 


426 R. A. PETERS AND R. W. WAKELIN 


of pyruvate takes some other course; but most of the available evidence is 
against this. Further, Coxon (1950), by taking large amounts of brei or slices, 
found slight accumulations of citrate as a result of respiration in presence of 
pyruvate. His experiments demonstrated the important point that any 
citrate present did not distribute itself evenly between the tissue and the 
medium, an indication that this tricarboxylie acid did not permeate freely. 
In the brei preparation used in our earlier work in this laboratory, H. M. 
Carleton found that the outlines of the nerve cells were largely destroyed, 
though the nuclei were still intact. This led to the erroneous view that the 
pyruvate oxidase system in brei was located in the nuclei. The modern hypo- 
thesis would be that these reactions take place in the mitochondria; this 
matter is now under investigation by R. M. C. Dawson and E. H. Leach. It 
cannot be decided on the present evidence whether the small accumulation 
of citrate observed in the 90 min took place only in slightly damaged elements 
in the brei or whether it represents the maximal level which can be present 
in these elements. The experiments in vivo establish the toxicity of fluoro- 
citrate and the speed at which some citrate can accumulate. Thereby more 
evidence is produced for the jamming hypothesis of fluoroacetate action. The 
biochemical information from the homogenates blocked with fluorocitrate, 
taken together with the fact that fluorocitrate blocks aconitase, indicates 
that the citrate accumulating in vivo after injection of fluoroacetate (Buffa & 
Peters, 1949) is formed directly and does not arise via cis-aconitic or isocitric 
acid. In this sense, more evidence is now provided for the existence of the 
citric acid as a direct-intermediate of the cycle in vivo. 

It must be left to further work to decide how fluorocitrate enters the brain 
cells upon injection; but it is remarkable that the signs found in these birds 
after injection of small amounts of fluorocitric acid should resemble those often 
seen in vitamin B, deficiency, where they are considered to be due to inter- 
ference with glucose oxidation at the pyruvate stage. In this case it is 
evidently another stage of oxidation at which interference takes place. Some 
general implications of these new facts are now being pursued. 


Note added 4 September 1952. In eight other pigeons, natural fluorocitrate has been injected 
intracranially in doses from 80 to 20 yg. In all cases the birds have died in convulsions. 


SUMMARY 


1. The selective inhibitor for aconitase, fluorocitric acid, synthesized enzy- 
mically from fluoroacetate, decreases respiration markedly in a brain homo- 
genate with simultaneous large accumulations of citrate. 

2. A small accumulation of citrate is induced in a brain brei by fluorocitrate. 

3. Injection of fluorocitrate (about 0-1 mg) into the subarachnoid space in 
anaesthetized pigeons induced opisthotonus and convulsions within 12-19 min, 
with a marked accumulation of citrate. This proves the significance of fluoro- 
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citrate in fluoroacetate poisoning, since injection of larger amounts of fluoro- 
acetate produced no effect. Controls injected with citrate in similar amounts 
or with saline produced neither convulsions nor citrate accumulation. 

4. The experiments are held to prove that the pyruvate oxidase system in 
brain as studied in this laboratory comprises the pyruvate dehydrogenase 
together with the enzymes of the tricarboxylic acid cycle. 

5. The results appear to establish the lethal nature of the enzymic syn- 
thesis in fluoroacetate poisoning. They also dispose of some last biochemical 
objections to the idea that citric acid is on the direct path of pyruvate oxida- 
tion in brain in vivo. 


We are indebted to Dr Rivett for the specimen of synthetic fluoroacetic acid, and to the editors 
for valuable suggestions in connection with the presentation of this paper. 
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EFFECTS OF CLOSE ARTERIAL INJECTIONS OF 
ACETYLCHOLINE ON THE ACTIVITY OF THE 
CERVICAL SPINAL CORD OF THE CAT | 


By W. FELDBERG, J. A. B. GRAY anp W. L. M. PERRY 
From the National Institute for Medical Research, Mill Hill, London, N.W. 7 


(Received 25 August 1952) 


The role of acetylcholine in central synaptic transmission has for long been 
a vexed question, and one reason for the difficulty in settling it is the relative 
inaccessibility of the spinal cord to drugs. In the present experiments an 
analysis was made of the effects of acetylcholine given by close arterial 
injection, whereby momentarily the injected solution completely fills the 
vascular bed of the region being studied. Hitherto acetylcholine has either 
been injected into the blood stream at a more distant point, applied locally 
to the surface of the central nervous system, or injected intraventricularly 
(for references see Feldberg, 1945, rh or into the substance of the grey 
matter (Kennard, 1951). 

In order to study some excitatory effects as drugs given intravascularly, 
for example acetylcholine at the neuromuscular junction, it is important to 
obtain a rapid rise in the concentration in the intercellular space. To obtain 
such a rapid rise it is necessary to establish a high concentration gradient 
across the vascular membrane. For a given dose of drug this is most easily 
done by close arterial injection. In the spinal cord, where the ‘blood-brain 
barrier’ may accentuate the difficulty of building up the necessary inter- 
cellular concentration, there may be a special need for this technique. Further, 
when using acetylcholine, which is quickly hydrolysed enzymically in the 
blood, close arterial injections permit the study of its effects without previous 
administration of an anticholinesterase which may modify the response. 

The arterial supply of the spinal cord runs on its ventral surface. This makes 
close arterial injections technically difficult, because for most of the length of 
the cord the bodies of the vertebrae present a formidable obstacle to a ventral 
approach. This difficulty was avoided by exposing the first cervical segment 
of the cord which, however, has very short rootlets from which we could 
obtain neither monosynaptic nor even monosegmental reflexes. 
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METHODS 


The experiments were performed on cate anaesthetized with ethyl chloride and ether, followed by 
intravenous chloralose (80 mg/kg) or dial (Dial liquid ‘Ciba’ 0-4-0-8 ml./kg). A short description 
the hes bem given chevheve 
(Feldberg, Gray & Perry, 1952). 

The head and neck of the cat were held rigidly by transfixing the muscles and ligaments of the 
neck and jaw with knitting needles and clamping the needles in a rigid framework. The upper 
parts of the trachea and oesophagus were dissected out and removed, the tracheal cannula being 
inserted low. The prevertebral muscles were removed and the fine twigs of the first cervical 
nerves whieh supply them were carefully dissected out. Lengths of the second cervical nerves on 
both sides were prepared and cut peripherally. The third cervical nerves were divided to prevent 
neck movements during stimulation. 4 

The atlanto-occipital membrane was opened by. dividing it strand by strand with a curved 
triangular cutting needle. If bleeding occurred, the head was raised and this was usually sufficient 
to stop it; occasionally bleeding was severe and the carotid arteries were then clamped. This was © 
avoided if possible, as the preparation was not so healthy if the carotids were clamped at this 
stage. After opening the membrane, the occipital bone up to the bullae osseae, the arch of the 
atlas and the odontoid peg and upper part of the body of the axis were removed. 

The edges of the wound were then stitched to a ring to form a paraffin bath, and the dura 
mater was opened and stitched back to expose the cord. A diagram of the exposed cord has been 
published (Feldberg ef al. 1952). Under a dissecting microscope the basilar artery was freed from 
the arachnoid and pia mater. Fine silk threads for tying in the cannula were passed beneath it 
and the larger branches tied. 

By gentle retraction on a dentate ligament, the root of the first cervical nerve could be pulled 
upwards into view; it was then divided as far from the cord as possible. The rootlets, fanning out 
towards their origins from the cord, could then be brushed backwards and small strands prepared 
for recording. 

The animal was then given 2 mi. of a 10% (w/v) heparin solution intravenously. The basilar 
artery was tied at the cephalic end and temporarily clamped with a fine pair of screw forceps at its 
caudal end, just at the origin of the vertebral arteries. A 26-gauge stainless steel cannula was 
used ; to facilitate its insertion it-was mounted on a long Perspex rod which acted as a light but 
rigid handle which could be manipulated from a distance while the cannula itself was being 
rigidly fixed to the frame. The blood supply to the cord does not always have the pattern shown 
in the diagram in our previous paper. When, for example, the basilar artery was a double trunk 
for part of its length, an effort was made to cannulate in such a way that the injection reached 
the anterior spinal artery via both vertebral arteries: e.g. by cannulating the united basilar 
artery at a higher level. 

The animal was transferred to an electrically screened, heated box. One of the ventral rootlets 
was placed on two recording electrodes which consisted of horse hairs mounted in agar-saline in 
which was embedded a chlorided silver wire. Potentials were amplified with an amplifier having 
a high impedance input and a frequency response which could be varied up to a maximum range 
of 0-25 ke/s, and were recorded by photographing two cathode-ray oscillographs. These were 
double-beam oscillographs and the potentials were recorded on one beam of each, the Y-plates 
of these two beams being connected in parallel. One oscillograph was used without a time base 
and was photographed on moving paper; a time mark, recorded on the moving paper, triggered 
the time base of the other oscillograph. In this way it was possible to synchronize the records 
obtained by the two methods and thus simultaneously to record spontaneous activity and the 
reflex response to stimulation. This stimulus was a short shock from a low impedance source 
applied through bright platinum electrodes to the trunk of C2. 

During recording, the constantly collecting cerebrospinal fluid was removed by continuous 
suction and the paraffin in the bath was replenished by a slow drip. 
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When chloralose was used, the reflex spike was sometimes abolished by the intravenous injection 
of appropriate doses of pentobarbitone Na; whenever this was done it has been stated specifically 
in the text. 

Control injections into the basilar artery were made with fresh Locke’s solution and the acety]- 
choline and other drugs were dissolved in the same solution. If not otherwise stated, the volume 
injected was 0-2 mil. and concentrations are given as g/ml. Doses of acetylcholine are given in 
terms of the hydrochloride, doses of eserine and atropine in terms of the sulphates. 


RESULTS 


Effects of acetylcholine 

Close arterial injections of acetylcholine into the basilar artery produced 
regular changes in the spontaneous activity in the cord and in the poly- 
synaptic reflex set up in the first cervical ventral root by stimulation of either 
the ipselateral or contralateral second cervical nerve. The reflex changes were 
accompanied by changes in the ventral root potential, of which only the early 
phases have been studied. The dose of acetylcholine normally used was 
0-2 ml. of a 10 solution, but the changes were also observed with 0-2 ml. of 
10-5 acetylcholine. 


Fig. 1. Cat, chloralose. Records from ventral rootlet of C1. At signal, close arterial injections 
of (a) 0-2 ml. Locke's solution and (b) 0-2 ml. acetylcholine 10-*. Time, seconds. Amplifier 
frequency response 4 o/s to 2 ke/s. 


Spontaneous activity. An injection of acetylcholine produced in the first or 
second cervical nerve an outburst of motor impulses which began within 
0-5 sec of the beginning of the injection and lasted, with steadily declining 
frequency, for periods varying from 2 to more than 40 sec (Fig. 1). If the 
recording electrodes were on a ventral rootlet, the proximal electrode being 
on or near the cord surface, a fluctuation of the base-line was also seen to start 
about 0:5 sec after the beginning of the injection (Fig. 1). The period of the 
more obvious fluctuations was of the order of 20-40 msec. The impulse dis- 
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charge was most intense on the negative peaks (cord electrode negative) of the 
fluctuation. When a barbiturate was given in order to diminish or abolish the 
impulse discharges, an injection of acetylcholine was still followed by the 


Fig. 2. Cat, chloralose, followed by pentobarbitone. Records from ventral rootlet of Cl. At 
signal, close arterial injection of 0-2 ml. acetylcholine 10-*. Time, seconds. Amplifier 
frequency response 0-4 c/s to 2 ke/s. 


x4 


Fig. 3. Cat, dial. Records of polysynaptic reflex from rootlet C1. (a) and (c) before, (b) and (d) 3° 
and 5 sec respectively after close arterial injection of 0-2 ml. acetylcholine 10-*. Between 
(b) and (c) the rootlet used for recording was changed and atropine (80 yg in 0-2 ml.) given 
arterially. Time, 10 msec. Amplifier response at (a) and (b) 0-2 ko/s, at (c) and (d) 4 o/s to 
2 ko/s. 


base-line fluctuations. In the experiment illustrated in Fig. 2 this change is 
clearly seen. In this particular experiment, such spontaneous discharge as 
remained after pentobarbitone was diminished by the injection of acetyl- 
choline. 7 
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‘The ipselateral polysynaptic reflex. When the main part of the second 
cervical nerve was stimulated with short shocks every 2 sec and the poly- 


synaptic reflex recorded from the ipselateral first cervical nerve or ventral 
root, an injection of acetylcholine caused an increase in the area of the reflex. 
This is illustrated in Fig. 3, in which the reflex resulting from a supramaximal 
stimulus is seen on top of the ventral root potential recorded from a fine rootlet. 
In this experiment 80 yg atropine in 0-2 ml. was given by close arterial 
injection; it did not abolish the effect of acetylcholine (Fig. 3d). 


140 


L L H L 
Time (sec). 
Injection 


Fig. 4. Time course of changes producsd by acetylcholine in area and latency of polysynaptic 
reflex. Records from small branch of Cl. (Same experiment as Figs. 8 and 9.) Ordinates: 
percentage change in area (@—@) and in latency (O—0) of reflex. Abscissae: time in 


seconds. At zero time close arterial injection of 0-2 ml. acetylcholine 10-*. (For details 
see text.) 


The time course of the change can be seen in Fig. 4, in which the area of the 
reflex, given as a percentage of the mean pre-injection value, is plotted against 
time. The curve is the mean of three separate injections; the individual results 
were plotted and adjusted so that the beginnings of the injections were aligned 
and means were then taken at regular intervals along the abscissa. In this 
particular experiment the reflex was recorded diphasically, and in consequence 
there may be some distortion due to changes in synchronization. The change in 


reflex size was visible in records taken less than 0-5 sec after the beginning of 


the injection, and reached a maximum in about 3 sec. The changes in area 
were larger with submaximal stimuli than with supramaximal ones. | 
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It can also be seen from Figs. 3 and 4 that the interval between the stimulus 
and the beginning of the reflex discharge is shortened after the injection of 
acetylcholine and that the general time course of this change is similar to that 
of the change in area. The reduction in time was seen even in records taken 
within 0-5 sec of the injection. The time was reduced to about 70% of its 
pre-injection value and this minimum occurred between 2-5 and 6 sec after 
the injection began. Thus the interval which was originally about 6 msec 


» Fig. 5. Records from ventral rootlet of C1. Two experiments: (a) and (c) before, (b) and (d) 6 and 


8 sec respectively after close arterial injection of 0-2 ml. acetylcholine 10-*. Records (a) and 
(b) cat, chloralose followed by pentobarbitone; amplifier frequency response 0-4 c/s to 
2 ke/s. Records (c) and (d) cat, dial; amplifier frequency response 0-6 kc/s. Time, 10 msec. 


was reduced to about 4 msec when the effect was at a maximum. It is un- 
likely that the extra-cordal conduction time of the sensory fibres responsible 
for the bulk of the reflex was more than 0-5 msec, since the length of the 
second cervical nerve lying between the stimulating electrodes and the cord 
was about 15 mm. 

Ventral root potential produced by ipselateral stimulation. When the first 
phase of the ventral root potential was recorded from rootlets of the first 
cervical segment during stimulation’of the ipselateral second cervical nerve, 
an injection of acetylcholine was followed in most preparations by an increase 
in the amplitude of the ventral root potential; in one preparation, however, 
there was a decrease and, in another, a transient decrease preceded the usual 
increase. Examples of ventral root potentials before and after an injection of 
acetylcholine are shown in Fig. 5. The time course of the change in amplitude 
is shown in Fig. 6, which also illustrates the time course of the change in the 
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interval between stimulus and peak of the root potential. The curves in 
Fig. 6 are the means of seven separate injections. The interval was reduced 
after the injection of acetylcholine to about 80% of its pre-injection level. 
In any given experiment, the time course of this change was practically 
identical with that of the change in reflex latency. The absolute value of the 
time interval between the stimulus and the peak of the root potential was of 
the order of 11-13 msec and the reduction in the interval from 2 to 4 msec. 
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Fig. 6. Time course of changes produced by acetylcholine in amplitude and interval between 
stimulus and peak of root potential (polysynaptic reflex). Records from ventral rootlet C1. 
Ordinates: percentage change in amplitude (O—O) and interval (@—@). Abscissae: time 
in seconds. At zero time close arterial injection of 0-2 ml. acetylcholine 10-*. (For details 
see text.) 


Fig. 7. Cat, dial. Record from ventral rootlet C1. Effect of close arterial injection (at signal) of 
0-2 ml. acetylcholine 10-* on resting potential. Root potentials elicited every 2 sec. Two of 
Amplifier frequency response 

Excitability and resting potential of the motor neurone. The excitability of the 
motor neurones can, to some extent, be gauged by the potential at which the 
reflex discharge begins. During recording from a large number of fibres, 
changes in synchronization can produce apparent changes in threshold, but 
it is fair to say that if acetylcholine increased the excitability of the motor 
neurones by reducing the membrane potential in the junctional region, there 
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should be a systematic reduction in the level at which the root potential 
excites its first impulse and also an increase in the reflex discharge for a given 
size of root potential. The latter is difficult to measure, particularly as the 
occurrence of an impulse discharge may reduce the root potential (Brock, 
Coombs & Eccles, 1952). 

The potential at which the first impulse arose was measured for several runs 
in each of four experiments, using ipselateral stimulation. Acetylcholine 
always increased the variability of this threshold, and in most experiments 
there was a tendency for the threshold to be lowered. However, the variability 
after acetylcholine was so great that the reduction was not significant in any 
experiment. 

Changes of membrane potential in the junctional region of the motor 
neurone can be recorded from electrodes on the motor root. In two experiments 
records were taken with the amplifier direct coupled. In one of these each 
injection of acetylcholine caused a potential change, the electrode nearer the 
cord going negative with an amplitude approximately one third of that of the 
root potential (Fig. 7). In the other experiment no change was detectable. 


Effects of eserine and prostigmine 

In a few experiments eserine or prostigmine (0-2-0-5 ml. of a 10~ solution) 
was injected into the basilar artery. No effects were seen unless the cord was 
stimulated either reflexly or by acetylcholine; in one experiment a spontaneous 
discharge began about 15 min after the injection of eserine, but this may not 
have been due to the eserine. 

In two experiments in which the reflex was recorded, eserine caused an 
increase in the area of the reflex which, unlike the increase produced by acetyl- 
choline, was mainly due to a prolongation of the discharge (Fig. 8). In this 
experiment bursts of impulses occasionally followed the reflex discharge after 
a short interval (Fig. 9); this delayed response probably coincides with the 
peak of the second negative phase of the ventral root potential (Barron & 
Matthews, 1938). 

Eserine and prostigmine prolonged the effects of acetylcholine. In two 
experiments, after eserine and prostigmine, the stimulating effects of acetyl- 
choline were unusually short, but following the outburst there was a long 
period during which the background discharge was abolished. In another 
experiment the area of the reflex increased for only a short period after the 
acetylcholine injection and thereafter it decreased to below pre-injection level. 


DISCUSSION 

Our results show that, in the spinal cord, effects are produced by acetylcholine 

in concentrations which are of the same order of magnitude as those required 

‘to excite motor end-plates, post-ganglionic neurones and sensory pathways in 
28—2 
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the skin. Although the possibility that the observed effects are due to vascular 
changes has not been excluded, there is no evidence suggesting that this is so, 
and it seems more reasonable to attribute them to a direct action of acety]- 
choline on the nervous tissue. 


Fig. 8. Cat, chloralose. Records of polysynaptic reflex from ventral rootlet C1. (a) before and 
(b) 2 min after close arterial injection of 0-5 ml. eserine 10-*. Amplifier frequency response 
0-4 o/s to 2 ke/s. Time, 10 msec. 


Fig. 9. Same experiment as Fig. 8. Upper record taken 2 min after eserine, showing reflex 
elicited every 2 sec followed twice by spontaneous outburst of activity. The first two reflexes 
are shown on lower record with a faster time scale (time, 20 msec). 


Further, our results on the cervical cord suggest that acetylcholine acts 
predominantly on interneurones, although a direct effect on the motor 
neurones cannot be excluded. The changes produced in the polysynaptic 
reflex can all be interpreted on this basis. The decrease in the latency of the 
reflex is of the order of 2 msec; changes in conduction velocity could hardly 
account for this large reduction, which must therefore occur at synapses, 
perhaps by the by-passing of one or more of them. Facilitation at these 
synapses could result from direct depolarization of the post-synaptic region 
or from bombardment of the synapse by impulses excited by the acetylcholine. 
Furthermore, the peak of the ventral root potential occurs some 2-4 msec 
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earlier after acetylcholine ; since Brock et al. (1952) have shown with an internal 
electrode that the rising time of the synaptic potential in response to a single 
presynaptic impulse is less than 1 msec, increasing the rate of rise of this 
potential would save little time. Changes in the cable properties of the motor 
neurone would also be insignificant. The decrease in time from the stimulus 
to the peak of the root potential can only be accounted for satisfactorily by 
assuming that impulses reach the motor neurone earlier. The main saving in 
time must therefore be at the synapses of interneurones. 

The changes in the slow potentials occurring during a spontaneous dis- 
charge initiated by acetylcholine also support the view that acetylcholine acts 
predominantly on interneurones. These changes consisted of a regular increase 
in the random fluctuations of the base-line and, in one experiment, of a steady 
negativity of the cord with respect to the ventral root. If the effect of acetyl- 
choline were predominantly on the motor neurone, one would expect this steady 
negativity to occur regularly and to be proportional to the intensity of the 
spontaneous discharge. The most striking non-propagated change that began 
after acetylcholine was the base-line irregularities on the negative peaks of 
which the impulses appeared. Such a pattern would result if a population 
of motor neurones were subjected to a random bombardment of presynaptic 
impulses. The mean potential would probably tend to be negative to that in 
the quiescent state, but it would depend on the duration and intensity of the 
slow positive and negative components of the root potential. Similar changes 
in the excitability of the motor neurone would be expected; thus, the excit- 
ability after an injection of acetylcholine should fluctuate more than before, 
and the mean level of excitability might be expected to rise, depending on the 
duration and intensity of the two phases of the change in excitability that 
follows a reflex discharge (Bernhard & Therman, 1947). When we use the 
level of the root potential at which the first impulse appears as an index of 
the excitability of the motor neurone, our results are in accord with these 
expectations. 

All the evidence, therefore, suggests that the predominant effect of acetyl- 
choline injected into the spinal cord is to excite some part of some inter- 
neurones, either by synaptic depolarization which could account directly for 
the synaptic facilitation and the spontaneous discharge, or by excitation of 
impulses at a non-synaptic point which would facilitate the interneuronal 
synapses by impulse bombardment. 


SUMMARY 


1. A method is described for close arterial injections into the cervical spinal 
cord through the basilar artery. The effects of acetylcholine, injected by this 
route, on the activity of the cord were recorded from ventral rootlets 
of Cl. 
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2. Acetylcholine caused an outburst of impulses lasting for 2-40 sec. This 
was regularly accompanied by an increase in the base-line fluctuations which 
represent changes in the potential of the cord relative to the rootlet. Most of 
the impulses arose from the negative peaks of these fluctuations. 

3. Acetylcholine increased the area of the electrically excited ipselateral 
reflex and decreased its latency by about 2 msec. 

4. Acetylcholine usually increased the amplitude of the ventral root 
potential and always decreased the interval between the stimulus and the 
peak of the root potential by 2-4 msec. 

5. Acetylcholine increased the variability of the level of the root potential 
at which the first impulse arose. 

6. Eserine and prostigmine prolonged the effects of acetylcholine and 
occasionally modified them. 

7. The effects of acetylcholine are all compatible with the view that its 
action is predominantly on interneurones. 
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ACETYLCHOLINE RELEASE IN THE CAT’S SUPERIOR 
CERVICAL GANGLION 


By W. L. M. PERRY 
From the National Institute for Medical Research, Mill, Hill, London, N.W. 7 


(Received 26 August 1952) 


The release of acetylcholine at sympathetic ganglionic synapses during pre- 
ganglionic stimulation was first demonstrated in 1934 by Feldberg & Gaddum 
on the perfused superior cervical ganglion of the cat. Since then a number 
of workers, notably Feldberg & Vartiainen (1934), Brown & Feldberg (1936), 
and MacIntosh (1938), have confirmed and extended the observations. None 
of these workers, however, made a detailed quantitative study of the amounts 
of acetylcholine released under different experimental conditions; they con- 
fined their observations mainly to demonstration of the fact that, in the cat’s 
eserinized perfused superior cervical ganglion, the output of acetylcholine 
during preganglionic stimulation began relatively high and fell in an approxi- 
mately exponential fashion finally to reach a fairly steady level. 

Furthermore, since all these experiments were carried out in the presence 
of eserine, it was always tacitly assumed first, that the output of acetylcholine 
would be the same whether the released acetylcholine was destroyed or not, 
and secondly, that eserine itself had no effect on the output of acetylcholine. 

In the present experiments the output of acetylcholine, during long periods 
of preganglionic stimulation at different frequencies, has been studied quanti- 
tatively and an attempt has been made to interpret the results on the assump- 
tion that the rate of synthesis of acetylcholine is constant, and that the 
amount of acetylcholine liberated by a single preganglionic volley is a constant 
fraction of the stock of acetylcholine available for release at the time. 

In addition, an attempt has been made to find out if eserine influences the 
release of acetylcholine during prolonged preganglionic stimulation. This 
problem has been tackled in two ways. In the first place the effect of eserine 


_on the recovery of the acetylcholine released during a period of rest after 


prolonged stimulation has been studied; in the second place a comparison has 
been made during preganglionic stimulation between the output of acetyl- 
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choline in the presence of eserine and the output of choline in the absence of 


eserine. It has been shown in these experiments that eserine appears to exert 
a considerable influence on the release of acetylcholine. 


METHODS 


Cats were anaesthetized with ethyl chloride and ether, followed by intravenous chloralose 
(80 mg/kg). The superior cervical ganglion was prepared for perfusion by the method described 
by Kibjakow (1933) with the modifications suggested by Feldberg & Gaddum (1934), In addition, 
the perfusion fluid, instead of being warmed in an electrically heated cannula, was warmed by 
passing the inflow tube through the cat’s oesophagus from below upwards, so that ite tip emerged 
at the point where the common carotid artery was cannulated; and the perfusion fluid consisted 
of Locke’s solution containing twice the usual amount of glucose (making a final concentration 
of 2 g/l. of glucose). These modifications were suggested to me by Dr F. C. MacIntosh, who had 
used them in previous experiments. When desired, eserine was added to the perfusion fluid to 
make a final concentration of 1 in 100,000. This concentration has been used previously in similar 
experiments, although a concentration of 1 in 200,000 has, perhaps, been more usual. 

The preganglionic cervical sympathetic trunk was stimulated with square waves of 0-5 msec 
duration, the stimulus strength being supramaximal for the contraction of the nictitating 
membrane. Except where specifically stated otherwise, the frequency of stimulation used was 
10 shocks per sec. 

In some experiments the choline output of the uneserinized perfused ganglion was measured. 
For this purpose the choline in the perfusate was acetylated, as first described by Guggenheim 
& Loeffler (1916), and was then assayed as acetylcholine. For the details of the method of 
acetylation the description of Fletcher, Best & Solandt (1935) was followed with the minor 
change that, as clear perfusates instead of tissue extracts were being acetylated, it was possible 
to reduce the time necessary for full acetylation from 2 hr to 5 min. This was checked in a control 
experiment, the results of which are shown in Table 1. 


TaBLe 1. Recovery of choline in acetylation process 


Weight of 
choline 
Weight of Time of 4 recovered, assayed 
on frog rectus 
Sample no. (mg) (min) (mg) 
1 19-6 180 20 
2 170 20 16-6 
3 19-8 5 20 


Acetylcholine was assayed on the blood pressure of the eviscerated chloralosed cat as described 
in detail by MacIntosh & Perry (1950). 


RESULTS 
Output of acetylcholine from the eserinized ganglion 
The output of acetylcholine during stimulation of the eserinized 
ganglion has been shown to fall approximately exponentially (Feldberg & 
Vartiainen, 1934; Brown & Feldberg, 1936; MacIntosh, 1938). At the start of 
stimulation, when the output is falling rapidly, the shorter the period of 
collection, the higher are the initial concentrations of acetylcholine, and this 
is true until the period of collection is so short that the acetylcholine liberated 
is not carried out into the collecting vessel within the period, but owing to the 
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limited rate of flow, is carried over into the following sample. When the initial 
collection periods were reduced to 30 sec (Fig. la) the output rose in the 
second period before starting to fall exponentially ; this result is similar to one 
reported by MacIntosh (1938). In Fig. 1b the output of acetylcholine per 
2 min sample in one experiment is shown (solid lines). If, owing to a slow 
flow of the perfusion fluid, one third of the amount of acetylcholine liberated 
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Fig. 1. Histograms of output of acetylcholine from perfused eserinized superior cervical ganglion. 
(a) Effect of reducing periods of collection of output to 30 sec (flow rate 0-8 ml. per min). 
(6) Effect of slowing rate of flow; continuous lines: outputs per 2 min period; dotted lines: 
theoretical outputs per 2 min period if one-third of total output from ganglion in each period 

~ is carried into next sample owing to slow flow. (c) Outputs per 2 min period with flow of 
0-3 ml. per min. (For details see text.) 


in each period had been carried over into the following period, the result would 
be the outputs of acetylcholine illustrated graphically (dotted lines). Thus in 
this case also—i.e. where the flow is very slow—the result is a rise in output in 
the second, and occasionally even in the third period; an experiment in which 
this actually was observed in 2 min periods of collection is shown in Fig. lc. 
In order to avoid these initial rises in output, collection periods of 2 min 
duration were usually used, and this was found to be successful in its object, 
provided that the rate of flow was of the order of 0-5 ml. per min at least. 
Frequency of stimulation. The output of acetylcholine was followed during 
40 min stimulation at frequencies of 5, 10, 20, 31 and 100 per sec, samples 
being collected over 2 min periods. Fig. 2 shows the exponential fall in output 
observed in one experiment at a frequency of 10 per sec, and a similar experi- 
ment by Brown & Feldberg (1936) at a frequency of 15 per sec and collection 


for periods of 5 min. 
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The outputs of acetylcholine for different frequencies of stimulation, 
* obtained in different experiments, are shown in Fig. 3. The curves obtained 
are substantially the same in each case; the output of acetylcholine per min 
falls at about the same rate and to about the same final steady level of 4 mug 
per min whatever the frequency of stimulation. There is thus no evidence of 


any greater reduction in the acetylcholine output at the higher frequencies, 


w 


Total acetylcholine output (mug/min) 


> 

i i 5 

Time (min) 


Fig. 2. Graph of output of acetylcholine from perfused eserinized superior cervical ganglion. 
Continuous line: experiment with periods of collection of 2 min. Dotted line: experiment 
from Brown & Feldberg (1936) with periods of collection of 5 min. 


in spite of the fact that, when the frequency is more than 30 per sec the 
preganglionic terminals may well fail to respond adequately. Therefore the 
amount of acetylcholine liberated per volley must be considerably reduced 
at higher frequencies of stimulation; and this reduction must occur from the 
same initial output level for the first volley, since the ganglion cannot 
anticipate the frequency of stimulation from the initial shock. Thus the rate 
of deterioration in output per volley must be much more rapid for the higher 
frequencies of stimulation. The amounts of acetylcholine liberated per volley 
for different stimulus frequencies are plotted on a logarithmic scale against 
time in Fig. 4. 

The fact that the final steady level of output of acetylcholine of about 
4 mug per min is constant for all frequencies of stimulation could be taken to 
imply that, under the conditions of eserinized perfusion, this is the rate at 
which the ganglion synthesizes acetylcholine; while the initial high rates of 
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output could be held to imply the release of some available stock of acetyl- 
choline already held in the ganglion. If these premises were correct, the 
release of acetylcholine might take place according to some definite pattern. 
_ For instance, if we assume that any one preganglionic volley will liberate 
a constant fraction («) of the total acetylcholine available in the ganglion at 


0 10 20 30 40 
Time (min) 


Fig. 3. Graph of output of acetylcholine from perfused eserinized superior cervical ganglion 
at various rates of stimulation. Continuous line: mean of all experiments. _ 


the moment, and that the rate of synthesis by the ganglion (X) is a constant 


independent of the rate of stimulation, then the stock of acetylcholine 
available for release after a definite time (¢) may be written as 


Y:=Yo (l—e-*4), 


where y is the initial stock of acetylcholine in the ganglion and available for 
release. In Fig. 5 the results of one experiment, at a stimulus frequency of 


_ 10 per sec, are shown to fit this hypothesis without serious discrepancy. The 


equation of the fitted curve is, of course, 
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since ay is the amount liberated per volley. Fitted values for « and K in this 
of a =0-0005, 

K =2-0 myg per min, 


were used: a x? test between the observed and fitted values of ay, gives 
x? = 4-40 on 9 degrees of freedom, so that the fit is satisfactory at the P=0-05 
level of probability. 
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Fig. 4. Graph of output of acetylcholine from perfused eserinized superior cervical ganglion at 
stimulation frequencies of (@—@), 10 per sec; (+— +), 31 per sec; and (O—O), 100 per 
sec. The dotted circles represent values estimated in an assay where the total amount of 


acetylcholine was so small that the error of the estimate was very large. 


The values of yo, i.e. the original stock of acetylcholine available in the 


ganglion estimated by this method, fall between 200 and 250 myg, so that 


with «=0-0005 the initial output per volley falls in the range 100-125 pug. 


This figure is independent of the rate of stimulation, and is in good agreement 
with the figures given by Feldberg & Vartiainen (1934), who stimulated at 
a rate of approximately 2 per sec for very short periods and obtained outputs of 


66 and 100 pug per volley in two experiments. 
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If this theoretical explanation of the output per volley has any truth, we 
would not expect that the outputs per min at different rates of stimulation 
would follow exactly the same pattern: but they would fall into patterns so 
similar that the differences between them would not be much greater than 
those observed, which are well within the experimental errors of the method. 


Acetylcholine (yg) liberated per single preganglionic volley 


i i i i 
0 5 10 15 20 25 30 35 
Time (min) 


Fig. 5. Graph of output of acetylcholine from perfused eserinized superior cervical ganglion 
stimulated at 10 per sec. (@—@), observed output of acetylcholine; (O—O), output of 
acetylcholine calculated on the basis that no synthesis occurs. 


Recovery of acetylcholine output during rest periods. It was found that 
a period of rest of 15-20 min between two periods of prolonged stimulation 


did not restore the rate of output of acetylcholine in the second period to its 
initial level in the first period. The results of five such experiments are 
illustrated in Table 2. In each experiment a 40 min period of stimulation was 
followed by a rest period of varying duration, and stimulation was then 
restarted at the same frequency. The acetylcholine output was determined on 
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2 min samples both before and after the rest period. The maximal outputs of ) 
acetylcholine per min during the first and the second period of stimulation 
are given in columns 3 and 7. Usually the maximal rate occurred in the first 
sample, except when the rate of flow was very slow. In column 10 the duration 
in minutes of the period of rest between the two periods of stimulation is given. 
It will be seen that, even after 35 min rest, the maximum output had risen to 


Tasxz 2. Effect of rest periods on output of acetylcholine 


Time in min of rest period 
Observed Calculated as 
maxinum + 
output of Necessary 
acetylcholine vd acetylcholine in reed Given 
A after rest Necessary max.out- in 
Totalin Maxi thesized Lost toreplace put/min each 
40 min mum/min min 40 min initial stock ( min) stock after rest ay 
(I (2) (3) (4) (5) (6) (7) (8) (9) (10) 
1 437 32 4 160 277 6 69 12 5 
2 406 41 3 120 286 9 25 20 25 
3 408 32 4 160 248 _- 62 = — 
4 613 34 6 240 373 24 62 47 35 } 
5 351 30 3 120 231 6 77 16 20 


only 24 mug per min, although the maximal output in the first period of 
stimulation was 34 mug per min, i.e. to 70 % of the original value. To some 
extent this difference may be attributable to a general deterioration in the 
condition of the preparation, since after 2 hr perfusion with Locke’s solution, 
the ganglion has usually become oedematous. 

Neglecting this factor, however, and knowing the amount of acetylcholine 
released during the first 40 min period of stimulation, we can calculate the 
amount of acetylcholine produced during this period by the assumed constant 
rate of synthesis; namely by multiplying the final steady level of output of 
acetylcholine per min reached during the first stimulation period by 40. The 
final steady rate of output per min is shown in column 4, and the total syn- 
thesis in the first 40 min period of stimulation in column 5. By subtracting 
this value from the total output of acetylcholine during the first stimulation 
period (column 2), we get an estimate (column 6) of the loss of acetylcholine 
from the stock originally present in the ganglion. From the five experiments 
the mean value for this loss is 283 myg, and it may well be significant that this 
figure closely approximates to the total amount of extractable acetylcholine 
in the ganglion, which, according to Brown & Feldberg (1936), averages 
250 mug. Their statement that this figure was exceeded by the total amount 
of acetylcholine liberated during the period of exponential fall is also com- 
ts patible with the present finding. 

’ | Further, if we assume that the constant rate of synthesis which accompanies 
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stimulation is maintained but not increased during the rest period, we can 
calculate the total synthesis that should have occurred during rest; and we 
ean, by interpolation on a graph such as that shown in Fig. 5, arrive at an 
estimate of the time of rest which would theoretically be necessary to restore 
the output to the level observed at the start of the second period of stimulation. 
For instance, the figure 12, given for the first experiment in column 9 of 
Table 2, was obtained in the following way. The initial stock of acetylcholine 
available for liberation was 277 mug, and 65 mug were liberated and 8 mug 
synthesized in the first 2 min; so that after 2 min stimulation 220 mug were 
available for release. In the second 2 min period X mug were found to be 
released and therefore, had X myg been released at the start of the second 
stimulation period, the stock of acetylcholine at that time would, by inference, 
be 220 mug. Thus, at a rate of synthesis of 4 mug per min, it would take 
220/4 min, i.e. 56 min rest to attain the observed maximum output of X mug 
per 2min. By a continuation of this process, the time necessary can be 
calculated for any value of the maximum output in the second period of 
stimulation. The times calculated in this way for each experiment (column 9) 
and the periods of rest actually given (column 10) agree fairly well. 

There are several reservations to be made before drawing any conclusion 
from these findings. First, the experimental error in determining the rate of 
synthesis is large, since the assay of the very small amounts of acetylcholine 
in the later samples of a perfusion is difficult and has wide limits of error. In 


the second place, the times calculated as necessary to replace the whole of the 


lost stock of acetylcholine in all five experiments are of the order of 1-1} hr, 
as seen in column 8. However, Brown & Feldberg (1936), on removing the 
ganglion shortly after prolonged stimulation, found no apparent reduction 
of the extractable acetylcholine, and MacIntosh (1938) was able to demon- 
strate a loss of up to 50%, only by taking extreme measures to prevent 
synthesis occurring during the very short time between the end of stimulation 
and the extraction of the ganglion. 


Effect of stimulation in the absence of eserine on subsequent 
stimulation in the presence of eserine 
It has been shown that, when eserine is present throughout, the acetyl- 
choline output in a second period of stimulation after a period of rest of 


_ 10 min starts at a greatly reduced level. This ‘fatigue’ of the ganglion was not 


found to occur when the first period of stimulation took place in the absence 
of eserine. If the initial stimulation was carried out with the normal blood 
supply to the ganglion left intact, or during perfusion with non-eserinized 
Locke’s solution, the acetylcholine output of the second period of stimulation 
during perfusion with eserinized Locke’s solution showed no such reduction. 
In all these experiments the rate of stimulation was 10 per sec, the length of 
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the first stimulation period was 40 min, and of the period of rest was 10 min. 
A typical experiment is illustrated in Fig. 6. Expt. 1(a) and ) shows the 
outputs of acetylcholine during the first and second period of stimulation 
respectively, when the ganglion was perfused throughout with eserinized 
Locke’s solution. Expt. 2(b) shows the output of acetylcholine in the second 
period of stimulation, when the ganglion was perfused with eserinized Locke’s 
solution. In Expt. 2, however, the first stimulation period was carried out in 
the absence of eserine, and thus no figures are available for the acetylcholine 


4(a) 2(6) 


Total acetylcholine output (mpg/min) 


1 j 


Fig. 6. The effect of eserine on recovery of superior cervical ganglion from stimulation at 10 per 
sec. 1 (a) and (b) eserinized throughout. 2 (b) eserinized during 10 min rest after 40 min 
stimulation of uneserinized perfused ganglion. Rest period: 10 min. 


output at this stage. Expt. 2(a) was an initial stimulation period performed 
during perfusion without eserine, and during the period of rest the perfusion 
fluid was changed to eserinized Locke’s solution. In another experiment an 
initial stimulation was performed with the blood supply to the ganglion still 
intact, cannulation being carried out during the 10 min rest. The outputs in 
the second period of stimulation were very similar to those of Expt. 2(b). 
In order to discover whether eserine alone, in the absence of stimulation, 
would cause a reduction in the output of acetylcholine once stimulation was 
started, the ganglion was perfused with eserine for 40 min before stimulating; 
no reduction in the output was detectable under these conditions. Moreover, 
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the time between starting the perfusion and starting the stimulation was 
varied from experiment to experiment and no correlation between this delay 
and the output of acetylcholine was demonstrable. 


Output of choline from the unstimulated perfused ganglion 
When determining the output of choline by acetylating the perfusate, the 
obtained naturally include any acetylcholine present. But, since no 
.@ acetylcholine is released from the unstimulated ganglion, the values can be 
taken as reliable figures for choline output. 


400 - 


100 
i 1°) 
0 10 20 30 40 
Time (min) 
Fig. 7. Graph of output of choline from the unstimulated perfused superior cervical 
ganglion. Three experiments. 


The observation of MacIntosh (personal communication) that perfusate 
obtained from a perfused, unstimulated ganglion contains considerable 
quantities of choline was confirmed. At the start of perfusion the choline 
output was high and varied from 100 to 400 myg of choline per min (Fig. 7). 
This big variation is attributable to the time taken between the beginning of 
the perfusion and the collection of the first sample of effluent; if there is any 
delay in cannulation of the vein, the initial large concentrations of choline pass 
back into the animal’s venous blood. 
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In all experiments the output of choline fell sharply and became steady 
within 15-30 min, at a level varying from 20 to 60 myg per min in different 
experiments, but in any one experiment being quite well defined within narrow 
limits. The choline in the perfusate may be derived not only from the sym- 
pathetic ganglion but also from the stump of the vagus nerve and the nodose 
ganglion, and parts of the glossopharyngeal and accessory nerves which are 
included in the perfused tissue. It seems probable that the initial high choline 
levels are due to a washing out of choline from these structures. The fact that 
the output of choline becomes steady is more difficult to explain, but may be 
due to continuous metabolic changes in the perfused tissues; in any case it 
enables measurements to be made of the effect of stimulation on the choline 


output. 
x 
100 r \ 


2 
” 

i 

: -10 0 10 20 30 


Time in minutes after start of stimulation 


Fig. 8. Graph of output of choline from perfused superior cervical ganglion stimulated 
at 10 per sec between signals. Two experiments. 


Output of choline from the stimulated perfused ganglion 

In order to measure directly the output of acetylcholine in the absence of 
eserine, it is necessary to assume that the extra choline liberated by stimula- 
tion in the absence of eserine derives solely from the destroyed acetylcholine. 
Stimulation invariably increases the output of choline by about 20-50 mug 
per min (Fig. 8). This corresponds to the amount of acetylcholine found during 
the initial stimulation of an eserinized preparation. MacIntosh (personal com- 
munication) was also able to obtain a release of choline of this order of 
magnitude during stimulation. The increased output of choline, however, is 
maintained for a few minutes only, and after about 5 min the choline output 
falls below the original resting level, even if stimulation is maintained. The 
fall below the resting level was slight, but was regularly obtained. At the end of 
a stimulation period the output may rise again to attain its original resting level. 
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DISCUSSION 


The results obtained confirm the findings of Brown & Feldberg (1936) that 
the output of acetylcholine from the stimulated, eserinized, perfused ganglion 
falls approximately exponentially. The course of this fall has been traced in 
rather more detail, since the periods of collection of samples were reduced 
from 5 or 10 to 2 min. This has enabled the early part of the time-course of 
the output to be followed sufficiently closely to estimate the initial level of 
output at the first preganglionic volley. It was found that the first volley 
would be expected to liberate 100-125 pug of acetylcholine, and this figure is 
in good agreement with that suggested by Feldberg & Vartiainen (1934) on 
different grounds. | 

The hypothesis has been advanced that each preganglionic volley liberates 
a constant fraction of the available stock of acetylcholine, and that there is 
a fixed rate of synthesis of acetylcholine which is constant whether or not 
the ganglion is stimulated preganglionically and whatever the frequency of 
stimulation may be. Although at frequencies of 30 and 100 per sec the pre- 
ganglionic terminals may fail to respond adequately all the results obtained 
at a variety of frequencies of stimulation fit this hypothesis. Moreover, the 
recovery in output during periods of rest following prolonged stimulation was 
found to occur at a rate which also fits in with the assumed constant rate of 
synthesis—e.g. after 40 min stimulation, full recovery in output to the original 
level did not occur even when the rest period given was 35 min. 

But there is one fact that is not in agreement with the hypothesis in its 
present form; both Brown & Feldberg (1936) and MacIntosh (1938) found 
that the replacement of any loss which might have occurred during prolonged 
stimulation in the extractable acetylcholine of the ganglion was very rapid 
indeed. In fact it required considerable care in extracting the ganglion as 
quickly as possible after stimulation in order to observe any loss at all. This 
finding implies a very much more rapid rate of synthesis, at least during 
periods of rest, than the present hypothesis indicates, and the discrepancy 
cannot easily be explained. The possibility exists that the synthesis of acetyl- 
choline occurring during rest at a very rapid rate does not provide ‘available’ 
acetylcholine in the sense that it cannot be at once released by further 
stimulation. 

The failure of the ganglion to return to its original level of output of 
acetylcholine, even after long periods of rest, might be attributable to a general 
deterioration in the preparation over such a long period of perfusion, or to 
@ non-specific effect of eserine (e.g. Holton & Perry, 1951). But eserine alone 
does not produce such an effect. Perfusion with eserine in the absence of 
stimulation does not reduce the amount of acetylcholine liberated by stimula- 


tion. It is the two factors eserine and stimulation, together, and not either 
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alone, which causes the reduction in output. Dr W. Feldberg has suggested 
that in the presence of eserine, the released acetylcholine persists neat the 
nerve terminals for a longer period and that the acetylcholine itself might 
block subsequent impulses in the nerve terminals. It proved impossible, 
however, to demonstrate any reduction in the amount of acetylcholine 
liberated by stimulation from a ganglion which had been previously perfused 
with Locke’s solution containing eserine 10-° and acetylcholine 10-* for 
40 min in the absence of stimulation. It therefore seems unlikely that this 
explanation is the correct one. 

The experiments on the choline output of the ganglion are of theoretical 
interest. If the amount of choline released had remained high throughout the 
period of stimulation, it would have been reasonable to infer that this choline 
represented the destroyed acetylcholine released by stimulation. Therefore, 
in the absence of eserine, the release of acetylcholine during stimulation would 
presumably also have remained high, and the fact that it fell off in an 
exponential fashion in the presence of eserine would suggest that eserine 
exerted an inhibitory effect on the synthesis of acetylcholine. 

If, on the other hand, stimulation had not increased the choline output at 
all, then the fact that in the presence of eserine increased amounts of acetyl- 
choline were released during stimulation would suggest that in the absence of 
eserine the released acetylcholine was not only immediately hydrolysed by the 
cholinesterase, but that the choline thus formed was at once resynthesized to 
a ‘bound’ form of acetylcholine. | 

In fact, the output of choline actually observed lay midway between these 
two hypothetical results. There is a transient increase in the output of choline 
during the first 5 min stimulation, and thereafter there is no evidence of any 
additional release of choline in spite of continued stimulation. It might be 
assumed that the choline released during the first 5 min of stimulation is 
derived from structures in the perfused tissue other than the superior cervical 


ganglion, and in that case, the second of the hypothetical explanations would 


be the correct one; namely that, in the absence of eserine, the output of 
acetylcholine remains consistently high, but that it is immediately hydrolysed 
and the choline used in the resynthesis of a ‘bound’ form of acetylcholine. 
This, if correct, fits in with the hypothesis originally advanced to explain the 
findings in the presence of eserine, since the available stock of acetylcholine 
in the ganglion would hardly be depleted during stimulation, and each pre- 
ganglionic volley, liberating a constant fraction of the stock, would release 
almost the same total amount of acetylcholine. There would, of course, 
probably be a limit to this in so far as the enzymic destruction and resynthesis 
might not be sufficiently rapid to cope with the released acetylcholine during 
| very fast rates of stimulation; in such cases there might still be a fall in the 
output of acetylcholine even in the absence of eserine, 
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. All the known facts about acetylcholine release from the ganglion can be 
accounted for by the following tentative hypothesis, which is based on a . 
differentiation of the total acetylcholine in the ganglion into two components, 
an ‘available’ stock which can be released by stimulation and a total extractable 
stock which cannot be released by stimulation but which can be extracted by 
the usual procedures. Such a differentiation has already been proposed, 
notably by Abdon & Hammarskjéld (1944). A single preganglionic volley 
liberates a constant fraction of the stock of ‘available’ acetylcholine. In the 
absence of eserine the acetylcholine is immediately hydrolysed and the choline 
is used in the resynthesis of ‘available’ acetylcholine. Continuous stimulation 
is thus accompanied by continuous release of the same amount of acetylcholine 
per volley (except perhaps at very high rates of stimulation) since the stock 
of ‘available’ acetylcholine is little depleted. In the presence of eserine the 
hydrolysis of the liberated acetylcholine is prevented and consequently resyn- 
thesis cannot take place. Continuous stimulation thus leads to a depletion of 
the stock of ‘available’ acetylcholine. Replacement of the stock of ‘available’ 
acetylcholine is a slow process and occurs at a constant rate of about 4 mug 
per min, which corresponds to the rate of liberation of acetylcholine during 
continuous stimulation after the ‘available’ stock has been used up. Synthesis 
of the total extractable acetylcholine in the ganglion is, however, a very rapid 
process and it is thus very difficult to demonstrate a reduction in the amount 
of extractable acetylcholine. The synthesized acetylcholine, however, is con- 
verted to ‘available’ acetylcholine only at the slow rate quoted, namely 
4myg per min. For acetylcholine to become ‘available’ either a further 
chemical change or a change in its location may be required. 


SUMMARY 


1, The output of acetylcholine produced from the perfused eserinized cat’s 
superior cervical ganglion by preganglionic stimulation falls approximately 
exponentially. 

2. The total output of acetylcholine is little influenced by varying the 
frequency of the preganglionic stimulation between 5 and 100 per sec; thus the 
output per volley falls more rapidly and to a lower level, the higher the 
frequency of stimulation. 

3. The initial output of acetylcholine per volley is estimated to be of the 
order of 100 ppg. 

4. The output of acetylcholine from a perfused eserinized ganglion in 
a second period of stimulation after a rest period following an initial period of 
40 min stimulation is much reduced unless the rest period is made very long 
(35 min). This reduction in output is not observed if the initial period of 
stimulation is carried out in the absence of eserine, either with the cexeeanen 
' intact or with a non-eserinized perfusion. 
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~ OB. The output of choline from a non-stimulated perfused ganglion in the 
absence of eserine is initially very high but becomes fairly constant after about 
roe at a level of 20-60 myg/min. 

. Stimulation increases the output of choline by 20-50 myg/mnin for about 
seks but thereafter there is no increase in the amount of choline liberated 
over the resting level. 

7. All the results are compatible with the tentative hypothesis that the 
amount of acetylcholine liberated from the ganglion by a single preganglionic 
volley is a constant fraction of the ‘available’ stock; and that the synthesis of 
‘available’ acetylcholine is a constant, independent of the rate of stimulation, 
at about 4 myg/min, the synthesis of total extractable acetylcholine being 
much more rapid. 

On this hypothesis the action of eserine is to prevent the hydrolysis and 
consequent resynthesis of the liberated acetylcholine, thus depleting the 
‘available’ stock. In the absence of eserine, it is suggested, the ‘available’ 
stock is little depleted and the amount of acetylcholine liberated per volley 
remains almost constant. 
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THE ROLE OF ACETYLCHOLINE IN SYNAPTIC TRANS- 
MISSION AT PARASYMPATHETIC GANGLIA 


By W. L. M. PERRY anv J. TALESNIK (Santiago)* 


From the National Institute for Medical Research, Mill Hill, 
London, N.W.7 


(Received 26 August 1952) 


It has usually been assumed, since the suggestion made by Dale (1933), that 
transmission at the parasympathetic ganglionic synapse is cholinergic, but 
proof of the validity of the assumption is difficult for two reasons. In the first 
place most parasympathetic ganglion cells are diffusely scattered throughout 
effector tissues and are not, as are sympathetic ganglion cells, congregated in 
anatomically recognizable ganglia; only three recognizable ganglia of the 
parasympathetic system are known, the ciliary, otic and spheno-palatine 
ganglia. In the second place, the postsynaptic, parasympathetic neurone is 
itself cholinergic, and when, as is usual, there is a diffuse scattering of ganglion 
cells, it is difficult to discover whether acetylcholine is released and stimulates 
at the ganglionic synapse or at the postganglionic-effector junction, or at both. 
Thus there is a volume of evidence, dating back to the classical experiments of 
Loewi (1921), that preganglionic, parasympathetic stimulation leads to the 
release of acetylcholine in such tissues as the heart and the intestine; but this 
acetylcholine could have been derived from either of the two junctional regions. 
Only in the work of Emmelin & Muren (1950) is evidence provided that 
acetylcholine is released at both synapses. They showed that in a perfused 
salivary gland, a ganglionic blocking drug (curare), given in doses sufficient 
to prevent salivary secretion on preganglionic stimulation, did not prevent 
the release of acetylcholine, although considerably reducing the total amount 
released ; they concluded from these observations that the preganglionic nerve 
endings were releasing acetylcholine in spite of the ganglion block, inferring 
therefrom that transmission at the ganglionic synapse was cholinergic. 

The present experiments describe two ways in which the problem of para- 
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sympathetic ganglionic transmission has been approached. First, using the 
ciliary ganglion preparation described by Whitteridge (1937), an attempt has 
been made to study the changes in the electrical response of the ganglion 
following the arterial injection of acetylcholine and hence to determine the 
sensitivity of the post-synaptic neurones to acetylcholine. Secondly, the 
general pattern of reaction to a number of ganglionic blocking drugs has been 
investigated both in the ciliary ganglion and in the isolated cat’s heart. An 
analysis of this sort may be of considerable use in determining the nature of 
a transmission process, as shown by Paton & Perry (1953) for a sympathetic 
(superior cervical) ganglion. 
METHODS 
Experiments on the ciliary ganglion 

The exposure of the ciliary ganglion was based on the description given by Whitteridge (1937). 
Cats were anaesthetized with ethyl chloride and ether. In some experiments chloralose (80 mg/kg) 
was given before decerebration ; in others the decerebration was done under ether. After decerebra- 
tion the orbital plate was removed and the ganglion exposed between the lateral and superior 
rectus muscles, which were retracted with suitably placed threads, The optic nerve was not cut 
nor was the eyeball removed, as suggested by Whitteridge (1937), since it was found that, given 
good retraction, these procedures were unnecessary. The eyeball was pulled forwards by means of 
a stitch through the cornea. The short ciliary nerve was picked up on the optic nerve, ligated, 
cut and cleaned and the third cranial (oculomotor) nerve divided at ite origin from the brain stem. 
All other branches of the ciliary ganglion were cut. 

Injections were made retrogradely into the lingual artery of the same side through a needle 
cannula, leaving the carotid circulation intact. This is a similar injection technique to that 
recently described by Suden, Hart & Marrazzi (1952), who injected into the external carotid 
artery. The cannula was kept closed between injections by a metal tap. The volume injected was 
usually 0-5 ml. 

The recording electrodes used were of the type described by Paton & Perry (1953). One 
electrode was placed on the cut end of the postganglionic, short ciliary nerve; the other loop 
passed round the body of the ganglion, nearer to the preganglionic than to the postganglionic 
pole. The oculomotor nerve was stimulated through platinum electrodes, at a frequency of 1 per 
2 sec. The recording electrodes led, through cathode followers, to a d.c. amplifier and the ganglionic 
action potentials were recorded on one beam of a cathode-ray oscilloscope, the other beam of 
which was earthed and used as an arbitrary base-line. Thus slow changes of potential of the 
ganglion relative to the cut end of the postganglionic trunk could be recorded as a deflexion of 
the whole beam relative to the fixed earthed beam, while shorter changes, e.g. the spike of the 
action potential, could be recorded as transient deflexions, In all our records an upward deflexion 
In other experiments cate from which the superior cervical gangtion had. been removed under 
ether anaesthesia and with aseptic precautions 10 days previously were used. The cat was 
prepared for the experiment in the usual way, but no electrical records were taken, and the 
eyeball was immobilized by suturing it to a metal ring, and changes of pupil size in two diameters, 
magnified roughly x 2 by a camera lens, were measured directly on a ground glass screen over 
which was fixed a transparent millimetre grid. Stimuli were applied at a frequency of 10 per sec 
for periods of 5 sec to the preganglionic (oculomotor) nerve and to the postganglionic (short 
ciliary) nerve alternately. Drugs were either intra-arterially in lingual artery 
intravenously into the femoral vein. 
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Experiments on the isolated cat's heart 


The usual Langendorff preparation of the isolated cat’s heart perfused through its coronary 
vessels was used, lengths of both vagi also being dissected out. Perfusion was with Tyrode’s 
solution at constant pressure and temperature. Drugs were introduced in two ways, either by 
injection of s small volume in Tyrode's solution into the perfusion stream or by switching the 
reservoir of perfusion fluid to a second reservoir containing a dilute solution of the drug in the 
Tyrode’s solution. Stimulation of the vagi was carried out through platinum electrodes at 
a frequency of 20 per sec. Records of the ventricular heart beat were taken on a kymograph. 

Doses quoted are in terms of acetylcholine chloride, nicotine hydrogen tartrate, tetraethy!- 
and tetramethyl ium iodides, and hexamethonium and decamethonium bromides. 


RESULTS 
Normal action potentials of the ciliary ganglion 
Whitteridge (1937) described in some detail the normal action potential of the 


ciliary ganglion. He found that the complex consisted of a rapid negative 
spike lasting some 5-10 msec, followed by a slow positive wave which lasted 


100 msec 


Fig. 1. Two experiments. Cats, chloralose, decerebrate. Tracing of 0.8. oscillograph 
records of action potentials from ciliary ganglion. 


some 125-150 msec. He also observed a second spike component which 
followed the main spike and was usually smaller. This he attributed to a group 
of fibres with slower time relationships. Whitteridge referred to these com- 
ponents of the action potential as the 7, spike (the main mina, and the 
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Ty spikes of which the 7, spike was the most constant. These: components 
are similar to those described by Eccles (1935) for the superior cervical 
ganglion, as the S, and S, spikes respectively. 

Our records similar described by Whitteridge (1937). The 
duration of the complex varied from about 120 to 160 msec, and the 7, spike 
from 5 to 10 msec. Typical records are illustrated in Fig. 1. In the upper 
record the 7, spike occurs before the 7, spike is complete, whereas in the 
lower record, as is more usual, the 7, spike does not begin until the slow 
positive wave following the 7, spike has begun. The positive waves have 
maximum values of 16 and 24 %, of their initial spike heights respectively. 
These are typical values. Whitteridge (1937) found a maximum of 30 %, but 
his published records show an average of about 12 %, for this value. 

The slow positive wave is only found with a ganglionic electrode, but when 
this electrode was placed near the postganglionic pole of the ganglion, only 
a postganglionic spike lasting about 25 msec was obtained. The largest gan- 
glionic potentials were obtained with the ganglion lead near the preganglionic 
pole, suggesting that most of the cells are situated in this region. Christensen 
(1936), in his anatomical description of the ganglion, made no reference to 
this, however. The whole action potential complex of the ciliary ganglion lasts 
only about 150 msec and is thus much shorter than that in the superior 
cervical ganglion which lasts 600-700 msec; otherwise the shape of the com- 
plex is similar, although the after-positivity is relatively smaller. 


Acetylcholine on the ciliary ganglion 

Arterial injections of acetylcholine were without effect unless large doses 
were given. This is presumably due the the fact that injections into the lingual 
artery are not ‘close arterial’ in the proper sense of the term, so that not only 
does most of the injected material pass to structures other than the ganglion, 
but a large proportion of the dose is probably destroyed before it reaches the 
ganglion. Doses of the order of 0-2—1-0 mg were necessary to produce effects. 
At this dose level there was an immediate depolarization of the ganglion 
cells, so that the ganglion became negative to the postganglionic trunk. This 
effect lasted for up to 3 min, and was accompanied by a partial block of the 
action potential spike and by a characteristic change in the shape of the action 
potential complex. Fig. 2 shows records taken before and after the injection 
of 1 mg of acetylcholine, and shows that the spike was reduced by nearly 
50 %, while the ganglion was depolarized by an amount corresponding to 
about 130 % of the initial spike height. The characteristic change in shape of 
the action potential is clearly seen. This change in shape is essentially due to 
the fact that the point of maximum after-positivity occurs much earlier than 
before so that, neglecting the 7, spike, the positive after-potential comes to 
have no appearance of being complicated by a negative after-potential, and 
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its decay becomes more obviously exponential throughout. In Fig. 3 the 
effect of 1-0 mg acetylcholine on the spike height and the depolarization of the 
ganglion is shown graphically. In this experiment the spike was again reduced 
by about 50 % and the initial depolarization was as much as 150 % of the 
initial spike height. 
100 msec 


4 


a ACh b 


Fig. 2. Cat, chloralose, decerebrate. Tracings of action potentials recorded from ciliary ganglion 
(a) before and (5) after arterial injection of acetylcholine (1-0 mg in 0-5 ml.). Lower trace 
in each record is the earthed beam of the cathode-ray oscilloscope. 


The change in shape of the action potential complex after acetylcholine 
closely resembles that described in the superior cervical ganglion by Paton — 
& Perry (1953), who suggested that the change could be attributed to a specific 
reduction of the time constant of the slow negative component of the complex. 

In one experiment we recorded postganglionic spikes in response to sub- 
maximal preganglionic stimulation; under these conditions an injection of 
20 wg of acetylcholine produced a potentiation of the postganglionic, spike 
(Fig. 4). In one experiment an attempt was made to record spontaneous 
discharge of impulses in the postganglionic trunk after an injection of acetyl- 
choline, but the result was inconclusive probably because of the relatively low 


Ganglionic blocking drugs on the ciliary ganglion 

Nicotine, in doses of 250g arterially, produced changes which were similar — 
to those produced by acetylcholine (Fig. 5). Hexamethonium, in doses of 

250g arterially, produced a block of 30 % of the spike height without any 

depolarization, and in the absence of the striking change in shape that was 

characteristic of both acetylcholine and nicotine block (Fig. 5). a 
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In the experiments in which the pupil size was recorded it was found that 4 
hexamethonium, in intravenous doses of 5 mg/kg, would produce complete 
block of preganglionic stimulation without in any way affecting postganglionic 
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Fig, 3. The effect of acetylcholine on height of action potential spike ( x — x ) and on negativity 
of ganglion with reference to cut end of postganglionic nerve (O—O). , 
Fig. 4. The effect of acetylcholine on height of spike of action potential recorded from short ciliary 
nerve in response to submaximal stimulation of oculomotor nerve. 


stimulation (Fig. 6). In this experiment preganglionic stimulation had pro- rf 
duced a reduction in pupil area by a certain amount (arbitrarily taken as 
a 100 % effect). Four minutes after hexamethonium the reduction in size was 
zero and even 25 min later this reduction in size was only-60 % of the original 
amount. Postganglionic stimulation remained equally effective throughout. 
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In other experiments nicotine was given arterially in doses of 250g; its main 
effect was a constriction of the pupil, which thereafter did not respond to 
preganglionic stimulation, although postganglionic stimulation was still 
effective. This constriction was followed by a dilatation which was abolished 


by removal of both adrenal glands. After the short ciliary nerve had been cut, 
nicotine had no effect on the pupil. 


—_ 


Fig. 5. Cat, chloralose, decerebrate. Tracings of action potentials from ciliary ganglion (a), 
(c) and (e) before arterial injections, (b) after 1-0 mg acetylcholine, (d) after 100 ug nicotine, 
and (f) after 1-0 mg hexamethonium. 


Experiments on the isolated heart 

Stimulation of the vagi produced an inhibition of the heart beat and the 
effect of a 10 sec period of stimulation is illustrated in Fig. 7, which also shows 
the effect of small doses of acetylcholine and acetyl-8-methylcholine. The 
graded nature of the response to small doses of these compounds is clearly 
shown. Benzoylcholine is inactive even in relatively large doses (100ug in 
Fig. 7). Up to 3 mg was given in other experiments. The effect of acetyl- 
choline resembles the effect of vagal stimulation. 

In Fig. 8 the effects of a number of known ganglionic blocking drugs is 
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illustrated and it will be seen that nicotine (50g) and tetramethylammonium 
(100ug) have the same inhibitory effect on the heart as do acetylcholine and 
vagal stimulation; while hexamethonium, tetraethylammonium and deca- 
methonium, even in large doses, have no such inhibitory action. 

A large dose (6 mg) of hexamethonium, while producing no obvious effect 
by itself, blocks the inhibitory effects of vagal stimulation, of small doses of 
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Reduction in pupil area as percentage of 
mean initial reduction in pupil area 


0 10 20 30 40 
Time (min) 
Fig. 6. The effect of hexamethonium, (C.6) (5 mg/kg) on response of pupil to preganglionic 
(@—®) and postganglionic (© --- ©) stimulation. 


acetylcholine and of nicotine (Fig. 9). When nicotine is given by perfusing the 
heart with a dilute solution (4 x 10-*), its inhibitory effect is not seen (Fig. 10), 
_ and during the perfusion the inhibitory effect of vagal stimulation and of 
acetylcholine is greatly reduced. Moreover, a very large dose of nicotine (200.g), 
given by injection and not by perfusion, and having itself a large inhibitory 
effect, blocks the inhibitory effect of subsequent small doses of nicotine (Fig. 10). 


DISCUSSION 


The results on the ciliary ganglion show clearly that the pattern of the 
responses to acetylcholine is closely similar to that described by Paton & 
Perry (1953) for the superior cervical ganglion. The cells of the ciliary ganglion 
are depolarized by acetylcholine; i.e. they react specifically to acetylcholine 
in the same way as the motor end-plate and the cells of the superior cervical 
ganglion ; moreover, the action potential complex is modified in shape in the 
same striking way as is that of the superior cervical ganglion. It is also worth 
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noting that the recent experiments of Suden et al. (1952) have shown that the 
ciliary ganglion reacts to adrenaline in the same way as does the sympathetic 
ganglion, thus providing a further parallelism between the two types of 
synapse. Furthermore, small doses of acetylcholine potentiate the submaximal 
postganglionic spike, i.e. facilitate propagation at the ganglionic synapse. It 


Fig. 7. Isolated cat’s heart perfused through coronary arteries. Records of ventricular con- 
tractions.. Stimulations and injections start at signals. In (a) stimulation of both vagi 
(20/sec, 0-5 msec, 5V) for 10 sec; (b) benzoylcholine; (c) and (d) acetylcholine; (e) and (f) 
acetyl-8-methylcholine. 

would, of course, be desirable to show that acetylcholine was liberated in the 

ciliary ganglion by preganglionic stimulation. The difficulties of demonstrating 

this are, however, formidable since not only has it proved impracticable to 
perfuse the ciliary ganglion in situ, but this ganglion also seems to be extremely 
sensitive to anoxia and will not easily survive isolation in a bath. The only 
evidence of release of acetylcholine at, preganglionic nerve endings of the 


d 
Ls 
q 
4 
‘ 
rg 
q 


464 W. L. M. PERRY AND J. TALESNIK 

parasympathetic system has been that of Emmelin & Muren (1950) in the 
perfused salivary gland. Nevertheless, our results, incomplete as they are, , 
provide strong supporting evidence for the cholinergic nature of transmission 
at the ciliary ganglionic synapse. | 


Fig. 8. Isolated cat’s heart perfused through coronary arteries. Records of ventricular con- , 
tractions. Injections at signals of (a) acetylcholine, (6) hexamethonium, (c) nicotine, 
(d) tetraethyl ium, (e) tetramethyl ium and (f) decamethonium. 


Two points of interest emerge from the experiments on the pupil. In the | 
first place hexamethonium has no effect on the postganglionic-effector junction, ©) 
even when it is given in doses sufficient completely to block ganglionic trans- | 
mission ; i.e. it has no atropine-like activity at all on the pupil. This finding is 
of great importance in interpreting other results. In the second place we found 
that nicotine has a stimulant effect on the ciliary ganglion which precedes its 
blocking action. This was not surprising in view of the fact that nicotine, like 
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acetylcholine, produces a depolarization of the ganglion cells as well as 
producing block. Schofield (1952) had, however, reported that nicotine, 
painted on the ciliary ganglion, produced no constriction of the pupil. The 
discrepancy between our results and Schofield’s can be explained by the 
different routes of administration of the nicotine. Paton & Perry (1953) 


Fig. 9. Isolated cat’s heart perfused through coronary arteries. Records of ventricular con- 
tractions. Stimulation and injections start at signals. (a), (c) and (e) before, (b), (d) and (f) 
after hexamethonium 6 mg. In (a) and (5) stimulation of both vagi (20/sec, 0-5 msec, 5V) 
for 10 sec; (c) and (d) acetylcholine, (e)-and (f) nicotine. 


showed that nicotine depolarized and blocked the superior cervical ganglion 
but that the depolarization passed off while the block still remained, and they 
concluded that the block by depolarization was followed by a ‘competitive 
block’ like that produced by hexamethonium. Thus, if the ciliary ganglion 
reacts in a similar way, it might be expected that nicotine painted on the 
ganglion would depolarize and stimulate the surface cells, but that they would 
soon enter the stage of block without depolarization, while the nicotine 
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penetrated and started to depolarize and stimulate deeper cells. Thus the 
overall picture might well be such that at any given moment the number of 
ganglion cells which are discharging is too small to produce any sign of overt 
stimulation, i.e. of constriction of the pupil, the final picture being one of 


Fig. 10. Isolated cat’s heart perfused through coronary arteries. Records of ventricular con- 
tractions. Stimulation and injections start at signals. In (a) and (d) stimulation of both vagi 
(20/sec, 0-5 msec, 5V) for 10sec; (6) and (e) acetylcholine; (c) perfusion with nicotine 


(4 x 10-* solution) begun and maintained throughout (d) and (e); (f) 5 ug nicotine before and 
(h) 1 min after (g) 200 pg nicotine. 


block alone in the absence of stimulation. In our experiments, on the other 
hand, the nicotine, given arterially, would tend to produce the simultaneous 
discharge of many ganglion cells and thus an evident constriction of the pupil. 

The experiments on the heart strongly suggest that the inhibitory action 
of small doses of acetylcholine is an effect not, as is generally assumed, on the 
cardiac tissue, but on the intracardial ganglion cells of the vagus. This view 
is based on the results obtained with ganglionic blocking substances. If these 
drugs act only on ganglion cells, the fact that they reduce or abolish the 
inhibitory effect of small doses of acetylcholine must be explained in this way. 
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On the other hand, if they have, in addition, a blocking effect on the post- 
ganglionic-effector junction, i.e. an atropine-like action, this conclusion is not 
tenable. It seems unlikely that all the different ganglion blocking substances 
used should have such an additional action. On the pupil neither hexame- 
thonium nor nicotine had such a peripheral blocking effect; moreover, both 
Ambache (1946) and Feldberg (1951) concluded that the blocking action of 
hexamethonium on the intestine was purely a ganglionic effect. The finding 
that the cardiac inhibition produced by small doses of acetylcholine is reduced 

or abolished by ganglionic blocking substances is therefore most probably due 
to the fact. that acetylcholine, in these doses, produces cardiac inhibition mainly 
by stimulation of the intracardiac ganglion cells of the vagus. 

Nicotine has a similar cardiac inhibitory action so long as the intracardiac 
ganglion cells of the vagus are not blocked either by nicotine itself or by 
hexamethonium. The cardiac inhibitory effect of nicotine, however, appears 
to be entirely ganglionic, whereas larger doses of acetylcholine have, in addition, 
a peripheral cardiac inhibitory action which cannot be abolished by —, 
blocking agents. 

The conclusion that small doses of acetylcholine stimulate the vagal gan- 
glion cells also suggests that the preganglionic fibres are cholinergic, because, if 
the ganglion cells are impinged upon by cholinergic fibres, one would expect 
them to be stimulated by acetylcholine and to be particularly sensitive to it. 

There is, therefore, evidence that the post-synaptic cells of the para- 
sympathetic system both in the ciliary ganglion and in the heart are sensitive 
to acetylcholine. Further evidence of the cholinergic nature of the trans- 
mission process at both sites is to be found in the pattern of the reactions to 
a group of ganglion blocking substances. Paton & Perry (1953) were able to 
classify these substances into two groups. One group, typified by nicotine, 
stimulated the ganglion before blocking it, and blocked by depolarizing the 
ganglion cell membranes. The other group, typified by hexamethonium, did 
not stimulate the ganglion cells and blocked without producing any depolariza- 
tion. These experiments were done on: the cat’s superior cervical ganglion, in 
which transmission is generally accepted to be cholinergic. We have been able 


to show, both in the ciliary ganglion and in the heart, where the evidence for 


the cholinergic nature of the transmission process is incomplete, that the same 
classification of ganglion blocking drugs holds. In the ciliary ganglion ‘de- 
polarizing blocking drugs’ did depolarize and ‘competitive blocking drugs’ 
did not; in the heart ‘depolarizing blocking drugs’ inhibited the heart and 
‘competitive blocking drugs’ did not. Unless one postulates that the pattern 


_of reaction to these drugs of a membrane which reacts specifically to a sub- 


stance other than acetylcholine may be identical with that of a membrane 


these parasympathetic ganglion synapses is ee seems inescapable. 
30—2 
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SUMMARY 


1. A method is described for recording slow potential changes in the ciliary 
ganglion in situ. The potential changes are recorded in response to retrograde 
arterial injections through the lingual artery. 

2. Acetylcholine depolarizes the cells of the ganglion, blocks the ganglionic 
action potential spike and produces a characteristic change in the shape of the 
action potential complex. These changes are similar to those produced by 
acetylcholine in the superior cervical ganglion. 

3. Acetylcholine potentiates the postganglionic action potentials set up by 
submaximal preganglionic stimulation. 

4. Hexamethonium blocks transmission in the ciliary ganglion without 
depolarizing and without changing the shape of the action potential complex. 
It has no blocking effect on postganglionic transmission to the pupil. 

5. Nicotine blocks ciliary ganglion transmission and, like acetylcholine, 
depolarizes the cells of the ganglion, thus producing an initial stimulation 
accompanied by constriction of the pupil. 

6. In small doses acetylcholine inhibits the heart by stimulating intra- 
cardial vagal ganglion cells. This effect is blocked by nicotine and by hexa- 
methonium. In larger doses acetylcholine has also a peripheral action. 
Nicotine, which has a ganglion stimulating effect like that of acetylcholine, 
has no such peripheral action. 

7. The ganglion blocking drugs may be classified both in the ciliary ganglion 
and in the heart according to whether they act, like acetylcholine, by de- 
polarizing parasympathetic ganglion cells, or in competition with acetylcholine. 
This classification parallels that in the sympathetic ganglion. 

8. All the evidence is compatible with the hypothesis that transmission at 
the parasympathetic ganglionic synapse is cholinergic. 
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METAPLASIA PRODUCED IN CULTURES OF CHICK 
ECTODERM BY HIGH VITAMIN A 
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‘ One of the earliest discoveries concerning vitamin A was that a deficiency of 
this substance affected the epithelium of the eye and caused keratomalacia 
and xerophthalmia. Mori (1922a, b, 1923) extended this observation by 
examining the paraocular glands and other tissues of A-deficient rats and 
found that the epithelium of the ducts of these glands and of the larynx and 
trachea underwent metaplastic changes and became keratinizing stratified 
epithelium. Wolbach & Howe (1925) confirmed the results of Mori in rats, and 
in guinea-pigs (1928), and found that in vitamin A deficiency, stratified 
keratinizing epithelium replaced normal epithelium in the respiratory tract, 
genito-urinary tract, salivary glands, the paraocular glands and the pancreatic 
ducts. In this work they gave a detailed account of the histo-pathology of the 
metaplastic changes. In 1933 they followed up this investigation by describing 
the reparative histological changes which accompany the replacement of the 
keratinizing epithelium by epithelium normal to the position when vitamin A 
is added to the vitamin-deficient diet of rats. 

More directly related to the present work is the effect of abnormally high 
concentrations of vitamin A on skin epithelium as described recently by 
Studer & Frey (1949) and by Sabella, Bern & Kahn (1951). Studer & Frey 
gave massive doses (40,000 iu.) daily by mouth to rats, and produced a 
thickening of the epidermis especially of the stratum granulosum. The normally 
flattened cells of the stratum germinativum also proliferated and became 
cubical, and other striking epidermal changes were noted. After about 12 days, 
the epithelium began to revert to its normal state and the reversion was 
complete in 21 days although the same treatment was continued. Sabella et al. 
applied vitamin A alcohol in sesame oil (in concentration 5000 i.u./ml.) direct ly 
to the skin of rats; 10 days of this treatment caused local thickening of the 
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epidermis, particularly of the stratum granulosum, and a decreased rate of 
keratin-formation with an increased production of kerato-hyalin. They remark 


that both their own experiments and those of Studer & Frey suggest, but do 


not establish, the ability of vitamin A in high concentrations to counteract _ 


keratin-formation in the skin epidermis. It is evident from these experiments 


that increased concentrations of vitamin A, whether systemically given or 
locally applied, have a definite effect on skin epidermis. 

The ectoderm of the embryonic chick is known to develop normally though 
precociously in tissue culture (Miszurski, 1937) and to produce large quantities 
of keratin. The following experiments were undertaken to see what effect the 
addition of excess vitamin A to the medium would have on keratinization in 
such cultures. The results to be described showed that cornification was com- 
pletely suppressed by the high vitamin A, but a quite unexpected effect was 
also produced. In the high A medium, the ectoderm differentiated into 
@ mucus-secreting sometimes ciliated membrane resembling that of the normal 
nasal mucosa, and when the explants were transferred to normal medium, 
this metaplastic change was reversed, and the natural keratinizing epithelium 
of the skin was produced. | 

Two main groups of experiments were made. In the first (described in 
section I) the effect of excess vitamin A on the differentiation of the ectoderm 
was studied ; the explants derived from one side of each embryo were grown in 
medium to which vitamin A had been added (+A medium) and those from 
the opposite side in normal (control) medium. The second group of experiments 
(see section II) were undertaken to find whether the effect of the vitamin was 
reversible; the explants from both sides of each chick were grown in +A 
medium for periods ranging from 7 to 14 days; the explants from one side 
were then transferred to normal medium and those from the other were 
either fixed to show the histology of the tissue at the time of transfer to normal 
medium, or were cultivated in + A medium until the sister cultures in normal 
medium were fixed. 


MATERIAL AND METHODS 
Material 
The explants were obtained from the trunk and limbs of 6- to 7-day chick embryos. The head, 
viscera and distal part of the limbs were removed; the body was then laid with the epidermal 
surface upwards and the spinal region with its associated ectoderm and the thin ventral body wall 
were cut away and rejected. Each half of the trunk and the attached portions of the limbs were 
cut into large fragments from which as much as possible of the skeletal tissue was dissected ; the 
surface fragments were then cut into smaller pieces suitable for explantation. The explants from 


one half embryo were kept separate from those of the other half. 


Vitamin A 
In all the experiments in the present work, the vitamin A was added to the plasma either in the 
form of the alcohol or acetate, to produce what in our previous work we have described as artificial 
hypervitaminotic (AH) plasma. The vitamin A alcohol solution was prepared from a sample of 
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avoleum (kindly supplied by British Drug Houses Ltd.) containing 1,500,000 i.u./g. This was 
dissolved in ethanol to give a solution containing 20,000 i.u./ml. The ethanol solution was then 
added to normal plasma to raise the vitamin A content to the desired amount, which varied in 
different experiments between 1000 and 3000 i.u./100 ml. In adding the extra vitamin A, the 
amount present in the plasma iteelf must be taken into account, and this for normal fowls varied 
between 200 and 350 i.u./100 ml. When vitamin A acetate was added, the crystalline substance. 
was dissolved in ethanol to give concentrations similar to those obtained with vitamin A alcohol. 
The strength of the solution, both of the vitamin A alcohol and the vitamin A acetate, was such 
that the plasma finally contained about 0-2% ethanol; the same quantity of ethanol was added 
to the normal control plasma. 

Because of the instability of the vitamin A in alcoholic solution under some conditions, it was 
necessary, after adding the vitamin A alcohol or acetate to the plasma in the calculated amount, 
to determine its vitamin A content again. This was especially important with vitamin A acetate in 
ethanol, since a stock solution, even when kept in the dark at 0° C, soon loses its potency. Vitamin A 
alcohol is fairly stable in plasma, but the acetate slowly diminishes so that, for instance, AH plasma 
containing 2040 i.u. vitamin A per 100 ml. may, at the end of 7 days, contain only 1459 i.u. The 
_ estimation of the vitamin in plasma was made colorimetrically (Fell & Mellanby, 1952). 

It may be pointed out that the vitamin A, whether added as alcohol or acetate, is not in the 
identical physical state normally present in plasma. In normal plasma, the vitamin A is in 
a water-soluble form probably in combination with a protein as a lipoprotein, and can only be 
removed from the plasma by petrol ether extraction as a fat-soluble substance after the plasma 
proteins have been denatured by 50% ethanol. On the other hand, vitamin A alcohol and acetate 
when added in alcoholic solution to plasma can be extracted directly by shaking the plasma with 
petrol ether. Thus in the enriched plasma used in the present experiments, the greater part of the 
natural vitamin A was water-soluble (250-350 i.u./100 ml.), whereas the remainder was fat soluble 
(2250-2150 i.u./100 ml., on the assumption that the total plasma content was 2500 i.u./100 ml.). 

In our previous work on bone development in tissue culture (Fell & Mellaithy, 1952), it was 
found that vitamin A in artificial hypervitaminotic plasma had the same kind of action as a similar 
concentration of vitamin A in natural hypervitaminotic plasma, but that the former was much 
more effective and influenced the bone changes more rapidly. In other words, this action of 
vitamin A was greater in the fat-soluble form than in ite natural water-soluble combination. 

Tissue culture 

The culture medium consisted of three parts of fowl plasma: one part of a concentrated extract 
of a 13- to 14-day chick embryo; the Tyrode solution with which the extract was made contained 
1% glucose, giving a concentration of 0-25 % in the final medium. The best results were obtained 
with the vitamin A acetate; although the vitamin A alcohol produced the same changes in the 
ectoderm as the acetate, it seemed to be slightly toxic and caused rather more degeneration from 
the 9th day onwards. 

Watch-glass cultures (Fell & Robison, 1929; Fell & Mellanby, 1952) and large hanging-drop 
preparations were used. In the former, nine or twelve drops of plasma were mixed with three or 
four drops of embryo extract. The tissue fragments were first placed in embryo extract made with 
Tyrode containing the usual concentration (0-1 %) of glucose and diluted to half the strength of 
the extract in the culture medium; they were then explanted, with the ectoderm uppermost, on 
the surface of the clot in the watch-glass and the excess extract was sucked off with a fine pipette. 
The tissue was removed from the old clot and transplanted to fresh medium four times a week; 
it was found desirable to cut off the sheets of epithelium which spread over the clot since during 
transplantation they sometimes became folded over the under surface of the explant, keratinized 
and obstructed nutrition. 

The hanging-drop preparations were made with 1} in. square cover-slips and 3 x 1} in. hollow 
ground slides. The explants were grown in a mixture of 0-06 ml. of plasma and 0-02 ml, of embryo 
extract per cover-slip and were subcultivated 3 times a week. 
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Number of cultures studied, In the first main group of experimente (section I), thirty-eight 
+A explants and twenty-eight controls grown in watch-glasses and nineteen +A and twenty- 
three controls from hanging-drop cultures were histologically examined after periods of cultivation 
ranging from 7 to 14 days. In the second group, eight explants from watch-glasses and fourteen 


_ from hanging drops were fixed and sectioned after being grown in the + A medium for 7-14 days 


and then transferred to normal medium for 4-8 days. 


Histology | 

The explants were fixed in 3%, acetic Zenker’s fluid ; fixation for 30 min gave the best results, For 
comparison with the explants, the ectoderm, with underlying body wall, and the nasal regions of 
7-, 10-, 18- and 18-day embryos, and also the skin and nasal mucosa from an adult cock were fixed 
in 5% acetic Zenker’s fluid for periods varying according to the size of the tissue fragment. After 
being washed, dehydrated and cleared in Cedar wood oil in the usual way, the tissue was embedded 
in paraffin wax and sectioned at a thickness of 8 y. 

Sections were stained by one of the following procedures: Bauer’s and Bensley’s modification 
of the Periodic acid-Schiff reaction (PAS), after digestion with saliva, followed by Meyer's 
haematoxylin or haemalum, or by mucicarmine followed by Meyer’s haematoxylin, by Delafield’s 
haematoxylin and chromotrop, or with azan and celestin blue, followed by haemalum and van 
Giesen’s stain. The sections were mounted in Depex. 


RESULTS 
I. The effect of cultivation in + A medium 
The structure of the original explants | 
In the original explants (PI. 1, fig. 3) the ectoderm consisted of an outer layer 


of flattened cells and a basal layer of columnar or cubical cells which varied in 


depth in different parts of the trunk and limbs. Feather papillae had not yet 
appeared. Below the ectoderm was loose mesenchymatous tissue. 


Watch-glass cultures 

Controls. During the first 48 hr in normal medium the tissue spread into 
a sheet composed of mesoderm, with a marginal fringe of amoeboid cells, and 
a superficial layer of ectoderm which often extended beyond the mesoderm as 
a thin membrane on the surface of the clot. By about the 4th day small, 
dome-shaped feather papillae had appeared. 

Between the 4th and 7th day the central region of the explants had greatly 
thickened and. sometimes projected from the clot like a balloon, from the 
base of which epithelium and fibroblasts wandered over and into the medium. 
The epidermis increased in thickness, and by the 7th day was often much 
folded and, especially in the peripheral part of the tissue, had become opaque 
owing to cornification of the superficial layers. The feather germs had elongated 
and assumed a fairly symmetrical bottle-shape, the ‘neck’ being attached to 
the skin. In cultures of embryos from a pigmented breed, branched melano- 


-_phores differentiated and wandered into the epidermis and especially into the 


feather germs, which often looked nearly black to the naked eye. By the 
9th day the controls were almost completely epithelialized, only a narrow gap 
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remaining from which fibroblasts continued to wander and from the edge of 
which epithelial sheets spread over the coagulum. Keratinization rendered the 
epidermis very opaque. The controls were not maintained for longer periods. 

Sections showed that the differentiation of the 6- to 7-day ectoderm in 
normal medium was precocious as compared with its development in the 
embryo (cf. Miszurski, 1937). Thus after 7 days in vitro (Pl. 1, fig. 1) the 
Malpighian layer was three to four cells deep over the central part of the 
explant and the superficial stratum had begun to cornify, while near the 
periphery the epidermis was even thicker and had often produced several 
completely keratinized layers. In the normal 13-day embryo, on the other 
hand, the ectoderm was still only two-layered and keratinization had not 


The feather germs, however, were stunted and retarded as compared with 
those of the 13-day chick in ovo, though they had undergone considerable 
development in vitro and were set in well-defined follicles. For most of their 
length they were composed of a thick, multi-layered epidermis, in which the 
rudiments of the barbs were sometimes recognizable as ridge-like thickenings 
on the inner surface, enclosing a pulp of reticular connective tissue; the tips 
of the feathers consisted of a solid mass of undifferentiated epithelium. In the 
pigmented cultures, branching melanophores abounded in the feathers. 

Two regions were distinguishable in the connective tissue (Pl. 1, fig. 1): 
a broad outer zone of reticular tissue corresponding to the dermis, sharply 
demarcated from an inner, compact, rather fibrous mass derived from the 
subdermal tissue and sometimes containing nodules of cartilage and myoblasts. 
As already described, some of the control explants were almost completely 
epithelialized by the 7th day, forming a ‘balloon’ from the narrow mouth of 
which cells migrated into the clot. In such cultures the epidermis was wholly 
or partly encased by a keratinized shell, and was usually atrophic or degenerate, 
while most of the inner zone of connective tissue was necrotic. Of the 9-day 
controls, three were completely encapsuled and very degenerate but the 
remaining three, though well keratinized and at the ‘balloon’ stage, were 
fairly healthy. 

+A explants. During the first 4 days the +A cultures behaved like the 
controls in normal medium, but the epidermis failed to keratinize. By the 
7th day it was still translucent and fairly thin; the sub-epidermal tissue had 
acquired a bloated oedematous appearance, and the feather germs, though 
much enlarged, were distorted, swollen and often fused laterally with each 
other. Like the controls, the +A explants had become almost completely 
epithelialized by the 9th day and in some cultures the epidermis had lost its 
smooth contour in places and acquired a curious ‘fluffy’ appearance. 

After 11-14 days in the +A medium, the oedematous condition of the 
explants seen earlier in cultivation had disappeared, and the connective tissue 
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had beconie very compact and dense. The ‘fluffy’ appearance of the epidermis 
was now very pronounced in some cultures and in others, though still regular, 
the epithelium was much thickened; there was still no sign of keratinization. 
A strange feature of this stage was the presence of a translucent, viscid 


ee envelope round the explants, which clung to the tissue during transplantation 


and could not be completely washed away with saline. This material was not 
composed of cell debris, although it contained some cellular remains, and 
until the explants were examined histologically its nature remained obscure. 

Histological examination of the +A cultures showed that keratinization 
was completely suppressed. The epidermis of the 7-day explants was three to 
four cells deep (Pl. 1, fig. 4). In places the superficial layer. was flattened as in 
the controls, but elsewhere, especially near the periphery of the culture, the 
cells were cubical and the surface of the cytoplasm was coloured a deep violet 
with Delafield’s haematoxylin and chromotrop, and bright red with PAS 
(Periodic acid-Schiff reaction) or mucicarmine, so that in section the epithelium — 
was bordered by a sharply defined purple or red line. This appearance was 
never seen in similarly stained controls of the same age. In the thickened 
epithelium near the periphery of the explant, scattered vacuolated cells and 
small round cavities were present which were filled with material having the 
same staining reactions as the epithelial border. Mitosis was common in all 


- layers of the epidermis. 


The tissue below the epithelium (PI. 1, fig. 2) had the same general structure 
as in the controls, i.e. it consisted of an outer dermal and an inner, compact 
fibrous zone; in the +A explants, however, the outer zone was much more 
oedematous, and in places the epidermis was sometimes detached from the 
dermis to form a blister filled with fluid. 

After 9 days in +A medium, the epithelium bore little resemblance to the 
keratinizing, squamous epidermis of the controls, but had assumed the charac- 
teristics of a secretory membrane. It had become thicker and the superficial 
flattened layer had disappeared and been replaced by cubical or, especially 
near the periphery of the explant, deep columnar cells. In azan-stained 
preparations many small red granules were seen immediately within the free 
border of these cells, and below the granules were large vacuoles which stained 
blue with azan and bright red with PAS or mucicarmine. 

Many of the secretory cells protruded from the surface of the epithelium, 
and in places had escaped from their orderly arrangement to form irregular 
cords and clusters loosely adhering to the palisade of columnar cells repre- 
senting the original basal layer; it was this disorderly structure which caused 
the ‘fluffy’ appearance described in some of the living explants. The loss of 
cohesion between the epithelial cells was not associated with necrosis, and the 
papilliform masses thus produced were secreting actively and appeared 
healthy. This change in structure probably increased the permeability of the 
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epithelium and may have been responsible for the reduction of the oedema in 
the-Connective tissue, which by the 9th day had become more compact and 
fibrous. Small round intercellular vacuoles full of secretion were common 
- throughout the epithelium which here and there had invaginated into the 
‘dermis’ to form structures resembling simple glands, the cells of which were 
pouring secretion into the lumen. 

In explants where epithelialization was nearly complete, the cells were 
secreting less actively and contained no mitoses, while the enclosed connective 
tissue was largely necrotic. 

The epithelium of the 14-day cultures showed the changes described above 
to an even greater degree, and in addition tracts of cells (Pl. 1, fig. 5) were 
seen wholly or partly detached from the basal cells and sometimes ciliated. 
In places the loose cells had been completely shed and the basal layer 
transformed into columnar secretory epithelium (Pl. 3, fig. 13). The secretory 
vacuoles in the cytoplasm were much larger than those in the 9-day explants 
and had the same staining reactions, as also had secretory material clinging 
to the free surface of the tissue. 


Hanging-drop cultures 

Controls. As in the watch-glass cultures, during the first 2 days in normal 
medinm the control explants spread into a thin layer with a marginal zone 
of migrating fibroblasts, but although some epithelial sheets were formed, 
most of the ectoderm began to fold back on itself to produce large, irregular 
_ islets and cords surrounded by connective tissue. By the 4th day, fibroblastic 
outgrowth was profuse, fewer epithelial membranes were formed and in both 
series of cultures many of the epithelial islets had acquired a lumen into which 
feather germs often projected. 

The innermost cells of the ectodermal masses, which corresponded to the 
superficial layers of the normal epidermis, were seen to be flat and opaque in 
optical section and were obviously beginning to keratinize, By the 7th day 
the ectoderm had developed into abnormally thick, squamous epithelium 
which was actively shedding concentric layers of keratin into the cavity of 
the cyst. After 9-14 days this cornified material had become so plentiful and 
dense that it appeared to the naked eye as white spots in the tissue. 

Since the ectoderm usually folded back on itself to form cysts with the 
Malpighian layer outwards, the epidermis of the controls did not become 
invested by keratinized material as in the watch-glasses, and on histological 
examination it was found to remain healthy and active for longer periods. 
There was usually some degeneration in the deepest parts of the explant next 
to the glass, but until about the 14th day this was not extensive. 

As in the watch-glass cultures, the development of the ectoderm in normal 
medium was precocious by comparison with the skin of the embryonic chick 
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in ovo, and keratinization much more extensive. The youngest control fixed 
had been growing for 9 days, This explant was one of the few in which the 
ectoderm had not formed a closed vesicle, but remained as a continuous sheet 
over the connective tissue. It had undergone a typical squamous differentia- 
tion; in the central region of the explant it was four to five cells deep, had 
begun to keratinize and cornifying feather germs projected from its surface. 
At the margin it was much thicker and had produced many layers of keratin. 
Most of the controls were fixed after 11 days (PI. 3, fig. 15). The majority were 
cystic; in places the epithelial lining of the vesicles was seven to eight layers 
in depth, and in that part of the islet which was nearest to the margin of the 
culture where nutritional conditions were best, it had produced a dense 
stratum corneum which nearly filled the irregular, rather flattened cavity. 
Nearer the centre there was often little or no keratinization and in the deepest 
part of the culture where the epithelium was close to the coverglass, it was 
frequently rather necrotic. Feather germs covered by cornifying epithelium 
often projected into the cavity of the islets; some were degenerate, probably 
owing to their being largely isolated from a food supply. 

The epidermis was surrounded by loose connective tissue which was con- 
densed into fibrous capsules around the islets and in which ran many vascular 
channels lined by endothelium. 

In a few of the 9-day and many of the 14-day controls, the epithelium was 
almost completely cornified so that the whole islet was converted into a ‘ pearl’ 


. of keratin, sometimes with a thin outer layer of atrophic or necrotic epithelium. 


In some of the 14-day explants, however, the epidermis though heavily 
keratinized, appeared healthy and active and mitosis was still present in the 
basal cells. 

+A explants. In +A medium also, most of the ectoderm folded upon itself 
to form islets like those of the controls, but these islets developed very 
differently from those in normal medium. They failed to keratinize, and by 
the 7th day had become transformed into translucent, multilocular vesicles. 
The epithelium was much thinner than in the controls, and by the 9th day the 
inner border had become very refractile. At this stage ciliation was observed 
in the living tissue. When the first series of hanging-drop cultures in + A medium 
was being examined after 9 days’ growth, a loose cell in the cavity of one of 
the cysts was seen to be rapidly spinning. The field was examined under higher 
magnification and two actively beating, ciliated cells were found in the 
epithelium near the loose cell and were responsible for its motion. In sub- 
sequent experiments ciliation was noted in five other cultures, sometimes in all 
the cells of one area’and sometimes-only in isolated, scattered cells. In one 
explant most of the cells lining a small cyst were beating vigorously, while in 
another ciliated cells and feather germs were present in the same vesicle. It is 
probable that more cultures contained ciliated cells than were seen in life, as 
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it was often impossible to obtain a clear view of the epithelium in optical 
section in these older explants, owing to the fairly dense fibrous capsule which 
formed around the cysts. 

The distended vesicles in some of the +A cultures collapsed between the 
9th and 14th day and the epithelium then became much thicker, and while 
remaining healthy towards the periphery, the innermost region of the islet was 
often rather degenerate. 

In section, the +A cultures fixed after 9-14 day’s growth in hanging-drop 
preparations (Pl, 2, fig. 10; Pl. 3, figs. 16, 19) presented a startling contrast to 
the controls in normal medium. As in the watch-glasses, keratinization was 
completely suppressed, and the epithelial vesicles which in the controls were 
flattened and irregular in cross-section, were much distended in the + A cultures 
and had a smooth oval shape. Besides the main vesicles, there were usually 
smaller cysts and pockets, some of which communicated with one of the main 
cavities. All these vesicles were lined by secretory epithelium which bore 
little resemblance to the keratinizing, squamous epidermis of the controls. 

The secretory epithelium was thickest and most highly differentiated at the 
circumference of the main cysts and in the smaller. pockets and islets (Pl. 3, 
fig. 19). In these sites it was usually about four cells deep; the cells of the 
superficial layer were cubical or columnar (PI. 2, fig. 10) and their vacuolated 
cytoplasm was engorged with material which stained bright red with PAS 
(Pl. 3, fig. 19) or mucicarmine, pale blue with azan and deep violet with 
Delafield’s haematoxylin and chromotrop. This substance could often be seen 
in course of discharge into the cavity, which contained much secretory 
material. In azan-stained preparations, small red granules were seen in the 
secretory cells, especially near their free surface. Mitosis was common, not 
only among the basal cells, but in all layers of the epithelium. The epithelium 
of the upper and lower walls of the major cysts was often very attenuated and 
might consist of only two flattened layers of which the inner was secreting; in 
other cultures it was thicker in these regions and was composed of a flattened 
secretory stratum below which were several layers of polyhedral cells. In 
general, secretion was most profuse in the equatorial zone of the large cysts 
and in the small, peripheral vesicles; this was probably due to better nutritive 
conditions in the outer than in the central part of the explants. Ciliated cells 
were often seen (Pl. 2, fig. 10). It was noteworthy that in the hanging-drop 
preparations, unlike the watch-glass cultures, the epithelial cells did not lose 
their cohesion but remained closely and regularly orientated. 

As already mentioned, some of the vesicles collapsed about the 11th dey, 
possibly from mechanical damage at transplantation. The consequent release 
of tension seemed greatly to increase the secretory activity of the cells. In 
some places (PI. 3, fig. 16) deep columnar cells, stuffed with secretion, rested 
on @ flattened stratum below which was # basal layer of cubical cells, 
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In a few cultures, at least some of the epithelium formed a continuous 
covering over all or part of the explant and zone of outgrowth; the outermost 
cells secreted as actively as in the cysts. Feather germs projected both from 
the sheets and into the vesicles, and were covered by the usual type of secretory 
epithelium (Pl. 3, fig. 18). 

The connective tissue formed a finely fibrous capsule around the epithelial 
cells. Cartilage was rarely present, as it usually disappeared soon after it was 
formed, but in two cultures ossifying nodules persisted which showed histo- 
logical changes similar to those described by Fell & Mellanby (1952). 


A comparison between the secretory epithelium of the cultures in +A medium and 
the nasal epithelium of the normal chick | 

The extraordinary changes produced in the ectoderm of 6- to 7-day chick 
embryos by cultivation in medium containing a high concentration of 
vitamin A, naturally raised the question of whether the secretory epithelium 
into which the explanted ectoderm differentiated was histologically comparable 
with any tissue normally present in the body. The obvious course was to 
examine a secretory membrane of ectodermal origin, and the nasal mucosa was 
selected for the purpose. Its histogenesis was not investigated in detail and 
only the salient features of its structure in 10-, 13- and 18-day embryos and 
in the adult cock will be mentioned. 

The nasal epithelium of a 10-day embryo aniline’ of a superficial flattened 
layer and a basal layer of columnar cells. On the nasal septum and elsewhere 
in the organ, slight thickenings had been formed at short intervals giving the 
epithelium a wavy appearance in section ; these thickenings were the rudiments 
of the mucous glands but secretion had not yet begun. 

In the 13-day embryo (Pl. 1, fig. 6) in most areas the suisholinns had a 
similar appearance to that seen at 10 days, but it consisted of more than two 
cell layers, the depth varying in different parts of the organ, and the rudiments 
of the glands were more distinct and had a slight depression on the free 
surface, indicating the onset of invagination. There was still no sign of 
secretion in the septal epithelium but it had begun in some other regions. For 
example, in the atrium, antero-lateral to the olfactory epithelium, the super- 
ficial flattened cells had gone and had been replaced by shallow, columnar 
elements resting on two rather irregular layers of polyhedral cells; the free 
border of the columnar cells stained vividly red with PAS and red globules 
were usually present in the cytoplasm. 

In the 18-day embryo, development had adivanoed greatly. The superficial 
flattened layer had now almost disappeared throughout the nasal epithelium 
and been replaced by columnar or cubical cells; the septal glands had 
invaginated to form pockets and were secreting quite actively (Pl. 1, fig. 8; 
Pl. 3, fig. 20). Their round nuclei were situated nearer the base of the cells and 
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the cytoplasm distal to the nucleus stained brilliantly red with PAS (PI. 8, 
fig. 20) or mucicarmine and deep violet with Delafield’s haematoxylin and 
chromotrop, bat the cells were not yet distended into the adult goblet form ; 
in preparations stained with azan, the cytoplasm was seen to contain vacuoles 
coloured blue and many small orange-red granules. The deep columnar 
epithelium between the mouths of the glands was now ciliated. 

The ciliated cells of the adult nasal septum were similar to those in the 
18-day embryo, but the cells of the glandular epithelium were of the typical 
goblet shape, with a flattened basal nucleus and cytoplasm enormously 
distended by mucus. 

From this brief sketch of the development of the nasal epithelium in the 
normal fowl, it will be clear that the differentiation of the ectoderm in the 
+A explants of the body wall and limbs is remarkably similar. In both the 
nose and the +A cultures the epithelium was at first two-layered, then 
increased in thickness by the formation of additional layers (Pl. 1, cf. figs. 4 
and 6); it lost its superficial stratum of flattened cells and these were replaced 
by cubical or columnar elements which became secretory and ciliated (PI. 3, 
cf. figs. 16, 19 and 20), though in the cultures the flattened cells in some areas 
might persist and themselves secrete. 

The papilliform folding of the secretory epithelium in the older watch-glass 
cultures may have represented an attempt to form multiple, glandular in- 
vaginations similar to those of the nasal mucosa. As stajef@-ebove, gland-like 
ingrowths of the epithelium sometimes occurred in the explants, but it is 
probable that in the cultures the connective tissue was resistant to invagina- 
tion on a large scale owing to its oedematous condition in the early stages of 
cultivation and its density after the oedema disappeared. In the cysts, the 
epithelium would have been held flat by the pressure of the fluid in the cavity. 

The development of the secretory cells was almost identical in the two 
tissues; in both the secretion appeared first near the free border of the cells 
and then accumulated in vacuoles in the distal cytoplasm; the vacuoles had 
exactly the same staining reactions in the two epithelia, and the cells of both 
contained small granules coloured orange-red with azan. 

_ In view of these striking resemblances, it is concluded that excess vitamin A 
caused the ectoderm of the trunk and limbs to differentiate into a ciliated, 


mucus-secreting membrane of the same histological type as that lining the 
nasal cavity. | 


Il. The effect of transferring +A explants to normal medium _ 
When +A explants were transferred to normal medium the following events 
usually took place: (a) at first the development of the-ciliated and secretory 
epithelium progressed rapidly, (b) further formation of such cells was arrested, 
(c) the basal cells multiplied and formed a squamous epithelium beneath the 


e 
; 
4 
a 
» 


CHICK ECTODERM AND HIGH VITAMIN A 481 


secretory layer, (d) eventually the ciliated, secretory epithelium was shed and | 
degenerated, 


Watch-glass cultures 


Sixteen explants were grown in + A medium for 7 days. Four were then fixed, 
four were maintained in +A medium for 14 days and eight were transferred 
to normal medium, in which four were grown for 4 days and four for 8 days. 

The behaviour during life of the explants grown in +A medium for 7 and 
14 days has already been described (p. 474). During the first 2 days after 
transfer to a normal clot, the explants grew well and appeared healthier than 
those which remained in the +A medium; they had a very large outgrowth, 
the epithelium was thick and clear and the feathers were unusually well 
developed. By the 4th day after transfer, outgrowth was much reduced owing 
to advancing epithelialization of the explants, the epithelium was thinner and 
in places seemed to be cornifying, while the feather rudiments had become 
more opaque; slimy material, now known to be mucus, adhered to the surface. 
The oedematous condition seen at an earlier stage of cultivation, and which 
had later disappeared, began to return and some of the feather germs had 
become bloated. After 7 days in normal medium, the epithelium was almost 
certainly keratinizing and the oedema of the connective tissue had increased; 
mucus still clung to the surface of the explant. 

The four explants fixed after 7 days in + A medium (PI. 1, fig. 4) showed the 
same histological structure as that previously described (see p. 475). In the 
four sister explants fixed 4 days after transfer to normal medium, the differ- 
entiation of the secretory epithelia was much more advanced. The superficial 


flattened layer had largely disappeared and much of the surface was covered 


by regular columnar epithelium, the cells of which were often crammed with 
secretory material (Pl. 3, fig. 14). In all the cultures ciliated cells were present, 
often in large tracts which closely resembled those of the normal nasal mucosa 
of an 18-day embryo (PI. 1, cf. figs. 7, 8). vont 
Interesting changes were in progress beneath the columnar layer, and were 
most pronounced near the periphery of the explant. At the extreme margin 
where in the 7-day +A cultures, mucus-secretion was greatest, the epithelium 
had differentiated into the squamous type and was beginning to keratinize ; 
on the surface of the squamous layer the secretory tissue was sometimes 
bundled together in an untidy vacuolated mass. Nearer the centre of the 
explant, the epithelium often consisted of an-orderly palisade. of columnar 
cells, while below and sharply separated from them was a newly formed 
squamous epithelium (Pl. 3, fig. 14). In large areas near the apex of the 
explant, the epithelium was entirely of the secretory type, with an outer 
columnar layer resting on one to two layers of polyhedral or cubical cells; 
mitoses were very abundant. ) 
PH. CXIX. 31 


a 
J 


482 HONOR B. FELL AND E. MELLANBY 


One culture, which had become completely epithelialized, presented a 
rather different appearance (PI. 1, fig. 7). The epithelium had differentiated 
extensively, had formed ciliated cells and was secreting mucus, but it had 
become disorganized into a papilliform structure of irregular, partly detached 
cords and sheets. Below this was another, very irregular epithelium, which 
remained attached to the connective tissue. There was very little mitosis in 
this culture. 

The squamous structure was still further developed in the epithelium of the 
four cultures fixed after 7 days’ growth in + A medium followed by 7 days in 
aormal medium (Pl. 2, fig. 9). Much of the secretory, ciliated tissue had been 
shed and was degenerating on the surface of the keratinizing epidermis 
forming below it, the basal cells of which were dividing very actively. The 
epidermal layer varied greatly in depth in the same explant. The explants 
were now almost completely epithelialized. 

The structure of the epithelium in sister explants grown for 14 days in 
. +A medium has already been described (p. 476); it showed no sign of squamous 

differentiation. 
Hanging-drop preparations 

Two experiments were made. In the first, seventeen explants were grown 
for 11 days in +A medium, when eight of them were fixed and nine transferred 
to normal medium; three of the nine were fixed after 5 days and six after 
7 days in the normal clot. For the second experiment, nine explants were 
cultivated in +A medium for 14 days after which four were fixed; of the 
remaining five, three were grown in normal medium for 4 days and two for 
8 days. | 

The vitamin A added to the plasma was in the form of the alcohol, which, 
as already mentioned, was found to be slightly toxic as compared with the 
acetate. In the first experiment, a concentration of 2500-2800 i.u. of vitamin A 
per 100 ml. plasma was used. For the first 4 days the cultures grew extremely 
well and the epithelium lining the vesicles looked very healthy, but by the 
7th day some cell degeneration could be seen which had increased by the 
1lth day. When the eight cultures, fixed at this stage, were examined histo- 
logically, the epithelium had the appearance already described in section A. 
Secretion was fairly plentiful (Pl. 3, fig. 18), though less than in the cultures 
with vitamin A acetate, and in one explant a tract of ciliated cells was seen; 
there were a good many degenerate cells. 

Two days after they had been transferred to normal medium, several of the 
cultures had obviously recovered and the tissue again looked healthy and 
vigorous but in others, though outgrowth was profuse, epithelium could no 
longer be distinguished, Four days after transfer, the vesicles in the recovered 
cultures were seen to be lined by thick, clear, obviously secretory epithelium 
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and in one an actively beating, ciliated cell was observed. By the 7th day in 
normal medium, the fibrous capsule around the cysts had become so dense 
that the structure of the epithelium was obscured, but in one explant it was 
very thick and seemed to be of the squamous type. 

Of the nine cultures histologically examined after 5-7 days in normal 
medium, five were of no interest as the epithelium had largely disintegrated, 
but the remaining four were very healthy. In one fixed after 5 days in normal 
medium, the epithelium lining the cyst had become completely transformed 
into the keratinizing, squamous type and the degenerate remains of the 
secretory cells had been shed into the cavity. The other three contained large 
tracts of huge goblet cells charged with mucus which closely resembled those 
of the normal adult nasal mucosa (PI. 2, fig. 11), while elsewhere in the same 
cyst squamous differentiation was advanced and was sometimes proceeding 
beneath the goblet cells (Pl. 3, fig. 17); mitosis was very plentiful. The cavities 
of the cysts contained much mucus. 

For the second experiment a lower concentration of vitamin A alcohol was 
used (1920-2085 i.u./100 ml. plasma). When the living cultures were examined 
on the 11th day, they appeared quite healthy and in four active ciliation was 
observed. After 14 days some degeneration had taken place, but sections 
showed that the epithelium was healthier than in the previous experiment 
(Pl. 2, fig. 10; Pl. 3, fig. 19). On the other hand, mucus-secretion was in 
general less than with higher concentrations of either vitamin A acetate or 
alcohol, and in the deeper parts of the explant, where probably less vitamin 
was available, the epithelium, though not keratinized, was sometimes secreting 
very feebly or not at all. 

Of the five cultures fixed 4-8 days after transfer to normal medium, four 
contained healthy epithelium, but in the fifth which was fixed owing to con- 
tamination, the epithelium had degenerated. The secretory epithelium of the 
two fixed after 4 days had differentiated to an astonishing degree, forming 
large goblet cells. Mitosis was prefuse. There was no sign of squamous 
differentiation except possibly in one region in one explant. The two explants 
fixed 8 days after transfer, however, both contained areas of keratinizing 
squamous epithelium and in one (PI. 2, fig. 12) a large mass of keratin had 
been formed which occupied about half the cavity of the cyst, the other half 
being filled with mucus. In both explants, active mucus-secretion was still in 
progress in places, but much of the secretory tissue had been shed. Mitosis 
was still very common in the epithelium. 


DISCUSSION 


Experiments on the effects of vitamin A-deficiency on animals have made it 
clear that this vitamin is an essential factor in the control of keratinization. 


In the normal animal it would seem that a certain amount of the — is 
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required to suppress keratinization and that this minimum level varies widely 
for different epithelia. Thus the concentration normally present in the blood 
suffices to inhibit keratinization in the nasal mucosa in vivo, but a serious drop 
in this amount causes squamous metaplasia and cornification (Mori, 1922a, 6; 
Wolbach & Howe, 1925; Jungherr, 1943). On the other hand, in explants of 
embryonic chick ectoderm, which is normally a keratinizing epithelium, a high 
level of the vitamin is required to prevent keratinization, and when the explants 
are returned to normal medium, keratinization ensues. 

In the case of the chick ectoderm, however, we are faced by the extra- 
ordinary fact that excess vitamin A not only inhibits keratinization, but more 
prolonged action also causes the tissue to develop into another type of 
epithelium with an entirely different function from that of the epidermis into 
which it normally differentiates in the body. This is the reverse of the process 
which is produced by deficient vitamin A in animals, where the nasal and 
tracheal epithelia which are mucin-secreting and ciliated, are converted to 
the squamous keratinizing type. It may be that in the explanted ectoderm, 
the prevention of keratinization is the primary effect of the increased vitamin 
and the metaplastic effect only secondary; if so it must be assumed that the 
ectoderm of the trunk and limbs, being unable to follow its presumptive course 
of development, is deflected into an alternative path which is normally 
followed in the nasal region. 

- In recovery experiments, when the explants of chick ectoderm were trans- 
ferred from +A to normal medium, the undifferentiated basal cells formed 
a squamous, keratinizing epithelium beneath the secretory layer. The histo- 
genetic process was almost identical with that described by Wolbach & Howe 
(1925) in the squamous metaplasia of the respiratory epithelium of vitamin 
A-deficient rats. These authors state (p. 764): ‘in the nares and trachea, 
mucus-secreting, ciliated epithelium with normal staining reactions and normal 
appearing nuclei may lie upon a keratinizing layer of cells’; some of their 
figures strikingly resemble those of the + A explants after transfer to normal 
medium (cf. Wolbach & Howe, 1925, Pl. 39, fig. 11 with our Pl. 3, fig. 14). 

A curious feature of the present experiments in which the skin tissue was 
transplanted from +A to normal medium, was the sudden, temporary spurt 
in the development of the secretory epithelium during the first 4-5 days after 
the transfer. As described above, during this period both the ciliated and the 
goblet cells reached a stage of development almost equivalent to that of similar 
elements in the adult nasal mucosa. The reason for this is not known. The 
differentiation of these cells was irreversible and, as in the nasal mucosa of the 
vitamin A-deficient rat (Wolbach & Howe, 1925), eventually they were shed 
and degenerated. 

The mechanism whereby different concentrations of vitamin A produce 
metaplasia in epithelia both in the animal and in culture, is completely 
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obscure, but whatever it may be it appears to act on those cells which are 
basic to the growth of the tissue, in this case those of the stratum germinativum 
(cf. Wolbach & Howe, 1925, 1933). This direct action of the vitamin on master 
structural cells is also seen in bone. As shown by one of us (Mellanby 1938, 

1944, 1947), when vitamin A becomes deficient in young growing animals, the 
position and degree of activity of the osteoblasts and osteoclasts are greatly 
altered, the mechanism of bone modelling breaks down and the bone becomes 
thickened, coarse and malformed. When the vitamin A is sufficiently above 
normal, there is also an alteration of bone cell activity in the opposite sense, 

and the bones become rarified and fracture easily. Another instance of 
vitamin A acting on structural cells can be seen in embryonic bone growing in 
tissue culture. There the high vitamin A stimulates the chondroblasts to 
destroy the matrix of the cartilage prior to their own disappearance (Fell & 
Mellanby, 1952). These, of course, are effects of vitamin A on mesodermal 
cells in contrast to its action on ectodermal cells described in the present work. 
The fact that vitamin A acts on basic structural cells in both ectodermal and 
mesodermal tissues may be of significance, and may lead to a better under- 
standing of this interesting biological effect of the vitamin. 

Whereas there are probably different threshold values of vitamin A for 
controlling the structure and function of different epithelia in an animal, it is 
also probable that there are differences of threshold controlling the same 
epithelium in different species. This seems likely from the great differences of 
vitamin A concentration in the blood of different species. Normally rat plasma 
contains 50-80 i.u./100 ml., a level which would correspond to hypovitaminosis 
in dogs or chickens in which normal values lie between 200 and 350 i.u./100 ml., 
values corresponding with induced hypervitaminosis in rats. The great 
difficulty’in producing hypervitaminosis A and the need to give massive doses 
of the vitamin to produce this condition, shows how important to the well- 
being of the animal'is the mechanism of keeping the plasma concentration 
constant at the level normal to each species. Whereas the significance of this 
control is now obvious, except for the storage phenomenon in the liver, 
knowledge of the mechanism of control is meagre. 

In view of these great differences in the normal amount of vitamin A present 
in the blood of different animals, it may well be that the ectoderm of species 
other than that of chick embryos may vary in their susceptibility to excessive 
vitamin A. Preliminary experiments with the early embryonic mouse 
ectoderm in culture, have shown that it is far less reactive than that of the 
chick, and while there was evidence of an inhibitory effect on hair-formation 
and eventually on epidermal keratinization, for the first week at least, plentiful 
keratin was formed in the presence of a concentration of vitamin A which 
completely prevented cornification in the chick cultures. Further experiments 
will be made with mammalian tissues. 


3 f 

« 


486 HONOR B. FELL AND BE. MELLANBY 


SUMMARY 


1. Explants of 6- to 7-day embryonic chick ectoderm from the trunk and 
limbs were cultivated in vitro in medium containing excess vitamin A; control 
explants from the opposite side of each embryo were grown in normal medium. 

2, The high vitamin A completely suppressed keratinization and caused 
the ectoderm to differentiate into mucus-secreting, often ciliated epithelia 
similar to that of the normal nasal mucosa. 

3. The control explants in normal medium formed keratinizing squamous 
epithelium. 

4. When the explants were transferred from the high vitamin A medium to 
normal medium, the differentiation of the secreting epithelia was at first 
greatly accelerated and reached an advanced stage. 

5. The basal cells ceased to form new secretory cells after transfer to normal 
medium, and instead differentiated into a squamous, keratinizing epithelium 


beneath the secretory layer; eventually the secretory and ciliated cells were 
shed, 


The authors wish to express their gratitude to Dr W. Jacobson for the colour photographs in 
Pl. 3. They are indebted to Mr R. J. C. Stewart, chief technician at the Nutrition Building, 
National Institute for Medical Research, for preparing the blood plasma, to Mr V. C. Norfield, 
head assistant at the Strangeways Research Laboratory, for the monochrome photographs, and 


to Mr L. J. King, technician at the Strangeways Research Laboratory, for assistance with the 
tissue culture. 
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EXPLANATION OF PLATES 


The photographs in Pls. 1 and 2 are by Mr V. C. Norfield and those in Pl. 3 by Dr W. Jacobson. 
Abbreviations : c, cilia; mg, mucous gland; n, nucleus; 8, secretion. 


Prats 


Fig. 1. Control explant of 7-day embryonic skin grown in normal medium for 7 days; watch-glass 
culture. Note the thick, keratinized squamous epithelium. In the connective tissue there is 
an outer dermal layer and a more compact inner mass. Cells are migrating into the clot. 
x 60. (Delafield’s haematoxylin; chromotrop.) 

Fig. 2. Explant from the opposite side of the same embryo grown for 7 days in +A medium; 
watch-glass culture. Note the absence of keratinization. The connective tissue shows the 
same two zones as in the control but is rather oedematous. x 60. (Delafield’s haematoxylin; 
chromotrop.) 

Fig. 3. Lateral ectoderm of normal 7-day embryo. It consists of a basal columnar and a superficial 
flattened layer. x 500. (Azan.) 

Fig. 4. Skin explant grown in +A medium for 7 days; watch-glass culture. Secretion has just 
begun (s). The epithelium resembles that of the normal nasal mucosa of a 13-day embryo 
(cf. fig. 6). x 500. (Periodic acid—Schiff (PAS) and Meyer’s haematoxylin.) 

Fig. 5. Skin explant after 14 days’ cultivation in +A medium; watch-glass culture from same 
experiment as explant in fig. 4. The ectoderm has formed a mass of irregular cords. x 500. 
(Azan.) 


Fig. 6. Normal mucosa from the nasal septum of a 13-day embryo. Note the rudiments of the 
mucous glands (mg). 500. (PAS; Meyer’s haematoxylin.) 


Fig. 7. Skin explant grown in +A medium for 7 days and then transferred to normal medium 
for 4 daye; watch-glass culture from same experiment as for figs. 4 and 5; note the remarkable 
differentiation of the ectoderm into ciliated, secretory epithelium which closely resembles 
that of the normal nasal mucosa of an 18-day embryo (cf. fig. 8). 500. (PAS; Meyer’s 
haematoxylin.) 

Fig. 8. Normal mucosa from the nasal septum of an 18-day embryo, showing ciliated epithelium 
and an actively secreting mucous gland. x 500. (PAS; Meyer’s haematoxylin. ) 


PLaTE 2 

Fig. 9. Skin explant grown in +A medium for 7 days and transferred to normal medium for 
7 days; watch-glass culture from the same experiment as for figs. 4, 5 and 7. A squamous 
epithelium has formed beneath the ciliated, mucus-secreting epithelium which is being shed. 
x 500. (Azan.) 

Fig. 10. Skin explant grown in +A medium for 14 days, showing part of an epithelial vesicle; 
hanging-drop culture. Note the cilia, which in life were seen actively beating. Another 
section of this explant is shown in PI. 3, fig. 19. x 950. (Azan.) 
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Fig. 11. Skin explant grown for 11 days in +A medium and then transferred to normal medium 
for 4 days; hanging-drop culture. Note the typical goblet cells, distended with mucus and 


with flattened basal nuclei (n). On the left of the photograph squamous epithelium is — 


beginning to form beneath the goblet cells, a process which is well advanced in other parts 
of the vesicle. x 700. (Azan.) 


Fig. 12. Skin explant grown in +A medium for 14 days and then transferred to normal medium 
for 8 days; hanging-drop culture from the same experiment as for fig. 10, showing part of an 
epithelial cyst. Note the squamous epithelium and large amount of keratin that has been 
formed during cultivation in normal medium ; the cyst contains mucus also and elsewhere the 
epithelium is still secreting. x 500. (PAS; Meyer’s haematoxylin.) 


Pirate 3 


Fig. 13. Skin explant grown in +A medium for 14 days; watch-glass culture from the same 

7 experiment as for figs. 4, 5, 7 and 9. Note the single layer of actively secreting columnar 
epithelium. x 850. (Azan.) 

Fig. 14. Skin explant grown in +A medium for 7 days and then transferred to normal medium 
for 4 days; watch-glass culture from the same experiment as for figs. 4, 5, 7, 9 and 13. Note 
the squamous epithelium developing beneath the secretory, ciliated layer. 600. (PAS; 
Meyer’s haematoxylin.) 

Fig. 15. Control skin explant grown in normal medium for 11 days; part of an epithelial cyst in 
a hanging-drop culture. The ectoderm has differentiated into squamous keratinizing 
epithelium. x 380. (PAS; Meyer’s haematoxylin.) 


Fig. 16. Skin explant from the opposite side of the same embryo as that shown in fig. 15, after 
11 days’ growth in + A medium. The ectoderm has differentiated into a secretory 
and the cavity of the cyst is filled with mucus. x 380. (PAS; Meyer's haematoxylin.) 


Fig. 17. Skin explant grown in +A medium for 11 days and then transferred to normal medium 
for 7 days; hanging-drop culture from the same experiment as for fig. 11. Note the squamous 
epithelium which is being formed beneath the goblet cells; the latter are bunched together 
and some are being shed. x 250. (Azan.) 


Fig. 18. Skin explant grown in +A medium for 11 days; hanging-drop culture from the same 
experiment as for figs. 11 and 17, showing feather germ covered by secretory epithelium. 
«x 180. (PAS; Meyer’s haematoxylin.) 


Fig. 19. Skin explant after 14 days’ growth in + A medium; another section of the same hanging- 
drop culture as that shown in fig. 10. Note the secretory epithelium lining the cyst which is 
filled with mucus. This epithelium is ciliated (see Pl. 2, fig. 10). x150, (PAS; Meyer’s 
haematoxylin.) 

Fig. 20. Normal naeal mucosa from the septum of an 18-day em , showing ucous gland 
and ciliated cells. x 470. (PAS; Meyer’s haematoxylin.) mn st 
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THE OPTICAL PROPERTIES OF RESTING STRIATED 
MUSCLE. THE EFFECT OF RAPID STRETCH ON THE 
SCATTERING AND DIFFRACTION OF LIGHT 


| By D, K. HILL | 
From the Postgraduate Medical School, University of London, 
| Ducane Road, W. 12 


(Recewed 22 September 1952) 


When light is incident on a striated muscle part of it is transmitted without 
_ deviation. A small fraction is absorbed, the rest is scattered or diffracted. 
| The regular pattern of striations causes the muscle to act like a diffraction 

_ grating (see, for instance, Sandow, 1936a, 5), and if the incident beam is 
) _ parallel a set of diffraction spectra may be seen (PI. 1). In an earlier investiga- | 
tion (Hill, 1949) of the optical changes during a twitch and as the result of | 
stretching the resting muscle, the possibility that diffraction might be involved 
was overlooked. It will be seen from this and from the following paper (Hill, 
1953) that diffraction changes do appear to accompany activity or stretch, and 
this leads to a more rational explanation of some of the earlier results, which 
hitherto had tentatively been attributed to absorption. 
y An effect due to scattering was recognized (Hill, 1949) by its reversal in 
sign as the recording photocell was moved from a direct position in line with 
the incident beam, to an oblique one up to 90° off this line. The oblique 
recording was always taken in a plane at right angles to the long axis of the 
| muscle fibres. It is seen from Pl. 1 that the spectrum of zero order is spread 
out fanwise in this plane. (The lateral spread of the spectra is a point discussed 
by Sandow, 19364.) It follows that any change in the intensity of diffracted 
light will be recorded without reversal of sign as the recording system is 
swung round in this plane. If, for instance, there is an increase in the dif- 
fracting power of the muscle, the spectrum of zero order (undiffracted light) 
will show a decrease of intensity obliquely, as well as in the direct line of the 
incident beam. The ‘directional’ recording system previously used (Hill, 1949) 
did not accept only the zero order spectrum, because the incident beam had 
a wide angle and the spectra were therefore confused, but this would not alter 
the sign of the diffraction effect recorded in the transverse plane; it should 
only reduce its size in relation to the total light received. 
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Thus scattering effects would be expected to show reversal, but diffraction 
effects would not do so, when records are made at increasingly oblique angles 
in the transverse plane. But a change due to absorption would also be 
associated with an absence of reversal in the transverse plane. The further 
evidence for differentiation lies in a comparison with what happens in one of 
the family of planes which lie at right angles to the one previously considered. 
It is easiest to consider what happens in the central plane of this family, that 
is the one containing the incident beam. In this plane a diffraction pheno- 
menon will reverse if it is recorded first in the same line as the incident beam 
(zero order) and then obliquely (diffracted light). An absorption effect would 
not reverse. If there is a change of scattering the result in this plane is not 
predictable, because, although the scattering in itself will reverse with the 
angle, the indirect effect of the scattering on the intensity of the diffracted 
light will be to alter the zero order in the same sense as the diffracted orders. 
It will be seen that the second factor is actually predominant, and a scattering 
effect cannot be made to show a reversal in a longitudinal plane. 

It should therefore be possible to distinguish between absorption, scattering 
and diffraction. It will be seen in a later paper (Hill, 1953) how the above 
considerations throw some light on the nature of the optical change which 
accompanies the latency relaxation (Hill, 1949). 

The present paper is concerned with the effect of suddenly stretching 
a muscle. Some preliminary experiments (Hill, 1949) had shown that muscle, 
when stretched, does not behave in the simple manner of an inert material 
such as rubber, for the optical response may have a diphasic form. It was 
_ evident that this phenomenon might prove interesting, and it is now to be 
studied in more detail using the criteria set out above for distinguishing 
between absorption, scattering and diffraction. 

Sandow (19364), by means of photographic recording, was able to detect 
changes in the intensities of the diffraction spectra when striated muscle was 
elongated. His observations will be discussed later. - 


METHOD 
The sartorius muscle of the frog was used. The optical system was arranged to give a beam of 
light shaped like a wedge. The parallel sides of the wedge were set at right angles to the long 
axis of the muscle, and freedom from divergence in the longitudinal sense resulted in a distinct 
system of diffraction spectra being formed, which could readily be viewed with a ground glass 
screen. Divergence of the incident beam laterally, to the sides of the muscle in a transverse 
plane, is of no particular account, and was permitted in order to keep the light intensity, and 
hence the signal/noise ratio, as high as possible. White light was used. The source was a 24W 6V 
car headlamp bulb run from batteries. The filament was 5 mm long by 1 mm wide. A lens of 
2-5 cm focal length was masked by a piece of black paper in which was cut a slit of the same 
dimensions as the filament. The lens was placed 5 cm from the filament, with the slit parallel 
to the filament. The muscle was vertical, the filament and slit horizontal. The muscle was held 
between two thin (1 mm) Perspex sheets, spaced 1 mm apart. Ringer’s solution was run in 
between the plates from a pipette, and although most of it escaped through the gap at the 
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bottom, the muscle so nearly filled the gap that a film of solution on either side was retained by 
surface tension. Further Ringer's solution was run in from time to time. It is essential to have 
the muscle in fluid contact with « rigid surface on one side, or on both sides (as described), to 
provide damping of the oscillations which ocour when the muscle is suddenly stretched. Even 
with such damping the oscillations may still cause some confusion, especially near the start. 

The tendon of the muscle was attached by cotton to the arm of a Siemens high-speed relay. 
The relay was mounted on a Palmer screw stand, and the racking movement was used to set the 
initial length of the muscle to the value desired. Closure of the relay circuit by a hand key applies 
120 V to the coils; the relay operates with a sudden snap, stretching the muscle and at the same 
time triggering the sweep of the oscilloscope. The same method of stretching a muscle was used 
in the earlier experiments (Hill, 1949). The traverse time of the unloaded relay is less than 1 msec; 
it is presumably increased to some extent when the muscle is under tension, but it is always short 
enough to be disregarded in the present experiments. 

The muscle holder was placed 5 cm from the lens, at the plane of focus of the filament. A mask 
of black paper on the muscle holder has a hole 1-7 mm square cut in it at the level of the pelvic 
end of the muscle. The mask limits the area of muscle which is illuminated, and prevents the 
beam from overlapping the edge of the muscle; it also cuts out stray light. The relay gap, which 
equals in distance the stretch applied to the muscle, was measured with a feeler gauge, and 
set to 0-009 in. (about 0-22 mm). 

A photomultiplier tube (Mazda 27M3) was used for measuring the light intensity. It was 
enclosed in a metal case with a window whose size and shape could be altered by adhesive black 
paper. If it was desired to record the intensity of a single spectral order this window took the 
form of a narrow horizontal slit, otherwise it was increased in size as required. The photo- 
multiplier was mounted on a stand with rack adjustment both vertically and horizontally. Its 
position was set by bringing it up to.a point about 1 cm from the muscle, when the system of 
spectra could be seen projected on the photocell casing; the position was then adjusted to bring 
the window into any required position in relation to the spectra. 

The photomultiplier was run at 600 V from high-tension batteries. The output current was 
passed through a variable load, and the voltage across this load was amplified to drive a cathode- 
ray tube. To avoid having to back off the standing light, the amplifier was condenser-coupled 
with a time constant of 5 sec. It was found desirable to limit the upper frequency response of the 
amplifier in order to minimize electrical noise and the effects of vibration. The response to 100 c/s 
was slightly reduced, but the general form of the records, immediately following the initial 
stretch period, was not appreciably affected. The oscilloscope time-base unit (Attree, 1949) gave 
single sweeps from an initially suppressed spot. The time-base was triggered by the relay at the 
moment the stretch started. Figs. 1-15 are photographic records made with a miniature reflex 
camera, with the addition of a scribed base-line and time marks. 

The experiments were done only with the sartorius muscle. It would be an advantage to com- 
pare the results with those for a much thinner muscle, but none has been found suitable. The 
sternocutaneus was tried, but proved unsatisfactory for rapid stretch experiments, owing to the 
difficulty of attaching it to the apparatus in such a way that the stretch was applied directly 
to the muscle itself, and not through the extensible accessory tissues by which it is normally 
held (for details of this muscle see Hill, 1953). The relationship between the magnitudes of 
scattering and diffraction effects depends on the thickness of the muscle, and on the number of 
fibres traversed by the light beam. For reasons discussed in a later paper (Hill, 1953) the relative 


- importance of diffraction compared with scattering is greater in the thinner muscle. Thus there 


would have been obvious advantages in being able to compare the results for the two muscles. 

In interpreting the results it was found helpful to compare the results for a muscle showing 
clear and bright spectra with those for a muscle in which the spectra were weak. Sandow (19364) 
has pointed out that the ability of muscles to show clear spectra is very variable. Muscles taken 
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RESULTS 

The type of record is described by stating, first, which order of spectrum was 
admitted to the photocell, followed by the word direct if the record was made 
with the photocell aperture positioned at some point on the vertical plane 
containing the incident beam, or lateral if it was to one side or the other of 
this plane. When using a large aperture it was not always certain how many 
orders of spectra were being recorded. In such cases it is easier to state which 
orders were excluded; for instance, if the zero order was excluded, but the 
first and higher orders admitted, the words less zero order are used. 

The temperature was between 20 and 23° C for all experiments. 

Zero order, direct. In this position the photocell aperture is in the direct 
line of the incident beam. Using a muscle showing clear and intense spectra, 
the response to stretch is shown in Fig. 1; an initial rapid decrease of trans- 


Fig. 1. Response to stretch with photocell in the zero order, direct position, for a muscle showing 
clear and intense spectra. The positive vertical direction corresponds to an increase of 
photo-current. Muscle at low tension, at about the resting extended length in the body. 
The stretch occurs at time zero and is complete in about 1 msec, The mechanical vibration 
is small; the electrical noise appears as a thickening of the trace. In this and all subsequent 
figures the record starts at the level of the base-line. 


20 msec 40 


Fig. 2. Fig. 3. 
Figs. 2 and 3. Response to stretch for position zero order, direct. Same muscle as for Fig. 1 
by 120% of normal length: The larger are 
— records are retouched near the start as the originals 


mission is followed by a slower reversal, ending in a positive increment. This 
increment is permanent if the muscle is maintained in the stretched state 
although the use of condenser coupling means that the spot actually cebarns 
to the base-line with a time constant of 5 sec. In Fig. 1 the muscle was under 
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“only slight tension, at about the normal extended length in the body. If the 
relay is racked up, stretching the muscle and increasing its initial tension, 
the negative spike generally becomes relatively larger. Figs. 2 and 3 show 
what happens at an initial length about 20%, greater than normal. The final 
increment is still positive; at greater initial lengths the negative spike becomes 
still larger, and the final increment may be negative. The muscle used for 
Figs. 1-3 would not show this, but it is easily demonstrated when the spectra 
are weak. Fig. 4 illustrates this point for a muscle with spectra which were 
almost invisible; it is seen that the second phase is practically absent. With 
this muscle the final increment was negative even at the lowest initial tension. 


01 sec 03 


T 


Fig. 4. Response to stretch for position zero order, direct. Muscle showing very weak spectra, 
at about 120% of normal length. The record is retouched near the start, 


Zero order, lateral. When the photocell aperture is kept on the zero order, 
but is moved laterally off the direct line of the incident beam, the picture 
changes. A muscle with bright spectra gives the result shown in Figs. 5 and 6, 


02 sec 04 | 20 msec 40 
Fig. 5. Oe Fig. 6. 
Figs. 5 and 6. Response to stretch for position zero order, lateral, Muscle showing clear and intense 
spectra, at about 120% of normal length. 


with the photocell centred. on a line about 60° off the incident beam. The 
form of the curve is essentially different from that shown at zero order, derect. 
The initial change is now reversed, but it is followed by a slow one in the same 
direction as before. After about 40 msec the curve descends again: this feature 
will be referred to later. 

Less zero order, lateral. The response, Figs. 7 and 8, is now the exact reverse 
of that in the zero order, direct position. Fig. 9 shows the effect using a muscle 
with feeble spectra ; this is also the reverse of what is found at zero order, direct. 
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Taken together, these observations point to only one conclusion, namely 
that stretching results in an immediate increase of scattering, followed by 
a decrease in diffraction which builds up slowly. The first phase can be most 
easily distinguished from the second when they are opposed in sign, as in 
Figs. 1, 2 and 7. Using higher sweep speeds the first phase appears to be 
complete in about 1 msec, and is brought on instantaneously by the stretch. 
A closer axialysis is made difficult by the noise and vibration; the rapid initial 
phase has not been recorded cleanly. In any case, the upper frequency 


O02 sec 0-4 40 
Fig. 7. : Fig. 8. 

_ Figs. 7 and 8. Response to stretch for position less zero order, lateral. Muscle showing clear and 
intense spectra, at about 120% of normal length. The records are retouched near the start. — 


Fig. 9. Response to stretch for position less zero order, lateral, Muscle with very weak spectra, 
at about 120% of normal length. The initial upstroke of the record is retouched. 


response of the amplifier has been reduced in order to minimize noise, and 
po place in a time of the order of 1 msec must appear somewhat 
The time course of the change of diffraction cannot be deduced directly 
from the form of the recorded curves, because the scattering effect, developing 
abruptly, may then start to decay, combining with the diffraction to give 
a composite curve. This is what actually appears to be ha ing, altho 
if the results for a muscle showing weak diffraction (Figs. . cae be oo. 
as a guide, the importance of this factor would seem to be small. The curves 
for muscles showing intense spectra suggest, on the other hand, that the decay 
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of the scattering increment is not insignificant. Taking Fig. 5, for instance, 
the early slow rise attributable to diffraction gives way at about 40 msec to 
a decay which, at about 0-2 sec is faster than could be accounted for by the 
condenser coupling (time constant 5 sec). The point is shown also by the 


records (Figs. 10, 11) taken with the photocell at less zero order, direct. There 
02 sec 0-4 20 msec 40 


Fig. 10. Fig. 11. 


Figs. 10 and 11. Response to stretch for position less zero order, direct. Muscle showing clear 
and intense spectra, at about 120% of normal length. The records are retouched near the 


start. 
mec 


4 


Fig. 12. | Fig. 13. 
Figs. 12 and 13. Response to stretch for position less zero and first orders, direct. Muscle showing 
clear and ititense spectra, at about 120% of normal length. 
is an initial decay lasting 8 msec before the fall, due to diffraction, appears. 
Later, at about 50 msec, the decay is again apparent. (This form of response 
is not always found; a simpler curve may be obtained, equivalent to the exact 
reverse of what is seen at zero order, lateral.) Incidentally, it will be observed 
that the scattering phase is not reversed at less zero order, direct. For reasons 
suggested above, a reversal cannot be obtained even when recording high- 
order spectra in the direct plane, although Figs. 12 and 13 (for less zero and 
first orders, direct) indicate that the scattering effect may become very small 
even though it does not actually reverse. 

There is evidence, therefore, that the scattering effect undergoes partial 
decay, following its abrupt appearance. No attempt has been made to define 
its time course with any accuracy. A rough estimate may be made of the 
development time of the diffraction effect, because by moving obliquely on 
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the zero order to the appropriate lateral angle, the increment due to scattering 
may be made to vanish as it passes the transition point from one sign to the 
other. Figs. 14 and 15 were taken with the photocell about-at this position, 
and it may be assumed that the curves represent only the decrease of dif- 
fraction, which appears to be complete in 20-40 msec. The records shown in 
Figs. 12 and 13 suggest about the same time course. It would be unwise to 
deduce the half time of the process from these curves, because a small residue 


02 sec 04 20 40 
Fig. 14. Fig. 15. 


Figs. 14 and 15. Response to stretch for position zero order, lateral. An intermediate position is 
chosen such that the rapid change at the start is absent. Muscle showing clear and intense 


spectra, at about 120% of normal length. 


of the first phase (scattering) would seriously affect the value obtained. It 
may be seen that the curves which are plainly composed of both effects 
(Figs. 2, 3, and 7, 8) show considerably longer decay times; this helps to 
confirm the view that the scattering increment itself shows some decay from 
its maximum value. | | 
In interpreting these findings the fact has so far been ignored that the muscle becomes thinner 
when it is stretched. For this reason alone the opacity must tend to decrease instantaneously 
when the stretch is applied. The results show a scattering effect which is of a sign opposite to 
that which could be explained merely by a change of thickness; the muscle becomes more, not 
less, opaque as the immediate result of stretch. It is possible to make a rough estimate of the 
influence of the change of thickness on the intensity of light transmitted by a muscle. This is done 
by measuring the transmission first of one, and then of a pair of sartorius muscles. In arbitrary 
units the figures for light intensity measured with the photocell in the zero order, direct position 
Direct beam (no muscle) 11,500 
200 


One muscle 

Two muscles 66 
The ratio for no musclejone muscle =57-5, 
and for one muscle/two muscles = 3-03. 


The muscle used for the record of Fig. 1 was 30 mm long, the stretch was 0-22 mm, or 1 part in 
136 of the length. If the breadth and thickness of the muscle diminish by the same factor, the 
latter will be 1 in 272. The factor by which the transmitted light will increase may be taken as /. 
As an approximation it may be assumed that log f=log g/272, where g lies between 57:5 and 
3-03. For g =57-5, f=1-012; for g=3-03, f = 1-004. This shows that the transmitted light increases 
by between 4 and 12 parts per 1000. In Fig. 1 the initial negative peak was compared with the 
intensity of the transmitted light and found to be 1 in 68. This means that the effect of a decrease 


in thickness, being about 1 part in 100 of the transmitted light, should be comparable with the — 


change actually observed. It seems, therefore, that the effect is probably not negligible; but as 
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it may presumably be assumed to take place instantaneously with the stretch, the only effect of 
ignoring it will be equivalent to using a false base-line. This would not affect any of the con- 
dlusions, because absolute magnitudes have not been discussed. It probably means that the 
goattering increase, taken as the initial rapid effect, is larger than appears from the records. 


_ The situation is perhaps not so simple as it might seem at a first glance, because the optical 


signs from an intrinsic scattering effect, and from one due to alteration of thickness, might show 
reversal at different lateral angles. The implications of this consideration need not be discussed, 
as it does not seem likely that they would constitute objections to the conclusions which have 
been drawn. 

There is yet another factor which may be contributing something to the overall result. When 
the muscle fibres are stretched, the diffracting power probably undergoes some change which 
will be made up partly of a reduction due to the specimen becoming thinner, and possibly also 
by another component due to a difference in extensibility of the anisotropic and isotropic 
segments of the fibre. No attempt has been made to calculate how large such a change might 
be, but as it would take place instantaneously with the stretch, the change in diffraction which 
is of primary interest here must, in view of its being delayed, have a quite independent origin. 
If this additional factor is actually significant, it will mean that in disregarding it a false base- 
line is being assumed, but the main conclusions remain valid. 


The effect of a rapid release. An exact comparison of the forms of the curves 
on stretching, with those obtained on releasing the muscle, has not been made. 
There would be some difficulty in doing this, because the shortening of a muscle 
released when it is under low tension will not be very rapid compared with the 
equivalent stretch time of about 1 msec. When the muscle is at a fairly high 
tension there is no noticeable difference, as judged without the assistance of 
photographic records, between the forms or sizes of the curves for stretch 
and release, except that one is the reverse of the other. This holds good for 
all positions of the photocell as specified above. Thus it appears substantially 
true, as stated in the earlier paper (Hill, 1949), that the stretch effect-is 
reversible. However, the possibility has not been excluded of there being 
some irreversible component or residue in the optical change due to stretch, 
which has so far not been detected. 

Evidence from direct photography. A sheet of photographic paper may be 
placed po receive the diffracted and scattered light. The diffraction spectra, 
out té the third or even the fourth order, together with the scattered light 
may be directly recorded by a suitable exposure. The original photographs 
are seen in Pl. 1. They show the pattern for a sartorius, first at about its 
resting length in the body (29 mm), and then stretched to 40 mm. Stretching 
decreases the intensity of all the spectra, including the zero order, and also 
increases the scattering. The shape of the pattern as a whole is altered by the 
stretch; this is due, of course, to the fact that the spectra become closer 
together when the muscle is stretched, and the grating spacing increases. 
These photographs can be taken as confirming the view that stretching 
a muscle increases the scattering; not only does the blackening become more 
intense between the spectra, but it extends further laterally. On the question 
of diffraction, all that can be said is that these photographs are not incon- 
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sistent with the view that diffraction decreases with stretch. The increase of 
scattering will result in less light being available for the spectra, not only for 
the zero order but the rest as well. A real decrease in the diffracting power of the 
striations could only be proved with certainty by direct photography if it were 
large enough to give a relative increase of brightness of the zero-order spectrum 
at the expense of the other orders. There is no evidence from the photographs 
that this is happening; the zero order decreases in intensity to about the same 
extent as the rest. But it must be remembered that the increase of scattering 
will result in more light being thrown away from the central region towards 
the periphery of the pattern, and this will presumably tend to increase the 
intensity of the higher orders of spectra at the expense of the low orders, and 
especially of the zero order. In addition, when a muscle is stretched the 
spectra close in towards the zero order, and the higher orders therefore enter 
a zone of greater brightness coming from the scattered light. Both of these 
factors will tend to obscure any increase in the intensity of the zero order 
relative to the rest. Sandow (19362) finds that stretching a sartorius muscle 
gives a decrease of the zero- and first-order spectra, but he states that the 
third order gets more intense. The photographs in Pl. 1 suggest that it may be 
unwise to make a distinction between diffraction and scattering at the position 
of the third-order spectrum. It is quite likely that Sandow’s increase of 
photographic blackening at this position could be explained by an increase 
of scattering. | 
DISCUSSION 

It was reported in the earlier paper (Hill, 1949) that the optical changes 
which are brought about by stretching resting muscle are still present if the 
muscle is made inexcitable by soaking in a potassium-rich solution (20 times 
normal K). This suggests that these phenomena are not brought about by 
changes in the membrane potential which might occur as the direct conse- 
quence of stretching the membrane, for such changes (if they occur normally) 
would presumably be abolished by treatment with 20 times normal K. It 
also suggests that these phenomena are not dependent on the existence of 
a normal membrane potential. Beyond that it is not permissible to argue on 
the present evidence. As an independent investigation, touching perhaps on 
the subject of the next paper (Hill, 1953), it might be interesting to examine 
in detail whether enforced changes in membrane potential were capable of 
producing any changes in diffraction or scattering of light by striated muscle. 

The instantaneous rise in the scattering power of the muscle substance 
when it is stretched must remain for the moment as an isolated fact. whose 
significance is not apparent. It is not possible'to say definitely whether this 
scattering effect is a function primarily of length or of tension, although the 
partial decline from its instantaneous maximum suggests the latter, for tension 
falls from its peak following a rapid extension. It would be interesting to 
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'eompare the behaviour of other material, particularly of smooth muscle, 


~ glycerol-extracted muscle and actomyosin filaments. 


The diffraction of light by a striated muscle is due to the concentration of 


_ material with high refractive index (4) in the anisotropic bands. Diffraction 


~ might decrease with, or without, any alteration of the relative widths of the 


anisotropic (A) and isotropic (J) bands, in one of the following ways: (a) no 
change in the relative widths of A and I (a proportion of the high-» material 
in A passes into J where it disperses uniformly, the boundary between A and 
I remaining fixed); (b) A becomes smaller (the concentration of high-u 
material in A remains constant, but A becomes smaller and a proportion of 
the high-» material disperses into J); (c) A becomes larger (there is a shift of 
the A-I boundary, the high-» material remains in A and becomes less con- 
centrated; the refractive index of J remains constant). Buchthal, Knappeis & 
Lindhard (1936) state that the A disk is more extensible than the J disk in 
resting muscle (and that the reverse is true in stimulated muscle). This would 
point to alternative (c). The diffraction change is delayed, taking about 
20-40 msec for completion. This probably means that the alteration in the 
relative sizes of the A and J bands is caused by movement of the high-» 
material along the main protein structure; this process would require a certain 
time for completion. If the protein structure of the A and J sections had 
a different extensibility, and the high-» material were firmly bound to the 
protein, any change of the ratio of the sizes of A and J would presumably be 
instantaneous when the muscle was stretched. The experiments therefore 
suggest that the diffraction effect represents a delayed spreading out of the 
high-» material following an initial extension of the protein skeleton. 

A. V. Hill (1952) has described experiments on the thermal changes which 
occur in frog’s striated muscle when it is stretched or released. It appears 
that two reversible processes are involved, one simultaneous with the altera- 
tion of tension, the other delayed to a significant extent after the mechanical 
events producing it. At small initial extensions the second process alone 
occurs. The heat changes are of such a sign that the first phase may be attri- 
buted to normal elasticity; the temperature falls with stretch. In the second, 
delayed phase the temperature rises which suggests that what is happening 
is of the nature of a thermokinetic change, as shown by rubber. The time | 
course of the second phase may be very roughly estimated from the low- 
extension type of curve, when the first phase is insignificant. Taking curve (3) 
of Fig. 4 in A. V. Hill’s paper, the galvanometer has reached 50% of its final 
deflexion in about 100 msec. The change itself must have a half-time less than 
this, because the mechanical release took 90 msec, the response of the galvano- 
meter to a sudden change of current was only 70% complete in 20 msec, and 
the thermopile took 20 msec to give 75% of its full e.m.f. following a sudden 


change of temperature of the muscle. The temperature was 0° C. Taking all 
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these points into account, and allowing for the fact that the optical experi- 
ments were done at 20° C, it is reasonable to suggest as a possibility that the 
delayed thermal response of a stretched or released muscle runs parallel with 
the delayed diffraction change, and that there is some connexion between 
these two processes. 

SUMMARY 

1. A study is made of the optical changes which accompany a rapid stretch 
or release of the resting frog’s sartorius muscle. The stretch is 0-22 mm, and 
takes about 1 msec. 

2. Stretching the muscle results in an immediate increase in the scattering 
of white light by the muscle substance, and a delayed decrease in the intensity 
of the diffraction spectra produced by the striations. The changes are re- 
versible, as shown by rapid release of a previously stretched muscle. 

3. It is not possible to determine the time course of these processes with 
much accuracy, but the indications are as follows: (a) the scattering increases 
instantly when the muscle is stretched (the increment is not wholly main- 
tained, but shows a partial decline from the peak value over a period of some 
tenths of a second); (b) the decrease of diffraction starts at the moment of 
stretch, and is complete in 20-40 msec. 

4. The relationship of the magnitudes of the two processes depends on 
the initial length and tension of the muscle. It is usually found that at the 
higher extensions there is a relatively larger scattering component. 

5. The significance of these findings is discussed. 
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EXPLANATION OF PLATE 


Diffraction spectra of a sartorius muscle recorded on photographic paper (Kodak, Bromide 
WSG 28), about 3:5 cm from the muscle, with the optical arrangement described in the text. 
Exposure time 3 sec. Above: muscle at resting length, 29 mm. Below: muscle stretched to 
40 mm. In the absence of the muscle the incident beam of light produces an image indicated 
by the rectangular white area in the centre: this was superimposed from another photograph. 
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THE EFFECT OF STIMULATION ON THE DIFFRACTION 
OF LIGHT BY STRIATED MUSCLE 
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The previous paper (Hill, 1953) is concerned with changes in the scattering 
and diffraction of light by resting striated muscle when it is suddenly stretched. 
It was pointed out that in an earlier investigation (Hill, 1949) the question 
of diffraction had been overlooked, and the first phase of the optical change 
which was found to accompany the latency relaxation in stimulated muscle 
appeared then to be attributable only to absorption. A change of diffraction 
was not considered as an alternative possibility, although for reasons given 
(Hill, 1953) this could equally well have explained the results obtained. It 
is the purpose here to deal more fully with this early phase of the optical 
response. The previous paper gives a description of the technique which can 
be used for distinguishing experimentally between scattering, absorption and 
diffraction. As mentioned above, the present position is that the first optical 
change is equally attributable to absorption as to diffraction. Further tests 
can now be made to decide between these two alternatives. The early phase 
is followed after a few milliseconds by a second one, in which the optical 
change is predominantly due to scattering: it takes place during the contrac- 
tion proper, ending with a residue which reverses slowly, in parallel with the 
chemical recovery. This second phase is not touched on in the present paper: 
considerations of diffraction do not allow anything to be added to what was 
reported previously (Hill, 1949). Doubtless the first phase continues through 
the second, but the situation is too complicated for analysis into the separate 
events. Movement of the muscle during contraction in some cases adds to the 
complexity of the second phase. 

This is not the first time that attention has been directed to diffraction of 
light by stimulated muscle. Sandow (19366) recorded the intensity of the 
spectra photographically. He used a sartorius muscle; changes were found to 
occur when the muscle was stimulated tetanically, but these could not be 
interpreted with any certainty. The changes with a sartorius are small, and 
the alteration in scattering which accompanies activity means that intensity 
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comparisons from photographic records have doubtful significance. For 
reasons which are’ discussed later diffraction changes are seen more easil y 
in a thin muscle. The frog’s sternocutaneus, about two to three fibres thick, 
shows a very marked reduction of the diffraction spectra, sometimes almost 
to extinction, when the muscle is tetanized. (It was actually this observation, 
made during the course of some other work, which gave the impetus to the 
present investigation.) The sternocutaneus was used for some of the experi- 
ments to be described here, and proved very satisfactory for the study of the 
early optical change which (anticipating the conclusion) appears to be due 
to a decrease of diffraction. 

Buchthal & Knappeis (1940) studied the diffraction spectra of single fibres 
from the frog’s semi-tendinosus. They reported that the intensities of the 
diffracted beams rise when the muscle is subjected to a short isometric tetanus. 
This conflicts with the observations on the sternocutaneus, but it is possible 
that the change seen in a tetanus depends on whether or not the muscle is 
held in a strictly isometric manner. A sternocutaneus cannot be stimulated 
isometrically because of the extensibility of the supporting skin and other 
tissue. 

METHOD 
Experiments were made with the sartorius, and also with the sternocutaneus muscle of the 
English frog. The sartorius was dissected in the usual way, leaving one end attached to a piece 
of the pelvic bone. It was soaked in Ringer’s solution for several hours before mounting in the 
apparatus shown in Fig. 1. Experiments were done with the muscle stretched to about 120% 
of its normal extended length in the body. ; 

The sternocutaneus was prepared in the following way. (It is a rather fine dissection for the 
naked eye, and magnifying spectacles make it much easier.) The pithed frog was laid on its back 
with the front limbs pinned out. The skin was pierced over the centre of the abdomen, and a cut 
was made towards the base of each front limb. When the V-shaped flap of skin so formed was 
raised, the sternocutaneus muscle could be seen, lying flat against the thoracic wall. A cross-cut 
was then made through the skin flap from one front limb to the other, above the level of the 
attachment of the muscle. The triangular piece of skin so formed, with the sternocutaneus attached 
to it, was held by its abdominal corner and raised away from the body. The muscles were then 
ready to be freed from their attachments to the body wall. First it was necessary to cut through 
a very thin membrane which runs downwards from the fascial layer covering the neck and mouth 
to join the skin near the origin of the sternocutaneus. Only one muscle of the pair was generally 
required, so the other was cut at this stage. Holding the remaining muscle taut by means of the 
flap of skin, the attachments to the thoracic wall and to the sternum were cut or broken. The 
muscle was freed down to the level of the xiphisternum medially, where one corner of it is inserted, 
and to a rather lower level laterally, where the muscle ends by joining the fascial sheaths of other 
abdominal muscles. The abdominal wall was then pierced near the lower lateral corner of the 
muscle. The muscle was held well away from the body by its skin attachment, and an area of 
abdominal wall together with part of the xiphisternum was excised by cutting around the inser- 
tion of the muscle. This piece of body wall was used for holding the muscle, and was cut to 
a suitable size. All unnecessary tissue above the level of insertion was cut away. The muscle 
was frequently moistened with Ringer's solution during the dissection, as it quickly dries up if 
exposed to air on both sides, The muscle was then laid on a flat surface, ventral side uppermost, 
but with the skin reversed, i.e. with the inside uppermost (the muscle lies more easily in this 
relation to the skin). All unnecessary parts of skin were cut away with the scissors, @ portion of 
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the abdominal end (now turned away from th le) being retained for attachment. Two holes were 


pierced in the skin at the corners of the remaining flap; one hole was pierced in the xiphisternum, 


gad two holes in the fisp of abdominal wall. Lengths of cotton were attached to these points. 
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Fig. 1. Devices for holding the muscles. (a) sartorius muscle. The muscle is held in the Perspex 
frame by being passed through a slot which does not admit the pelvic bone. The tendon is 
tied with cotton which is secured to a clamp (not shown) held in a Palmer rack stand. The 
frame is fixed to a brass rod, A, held in another Palmer stand. It is lowered into a cell, B, 
with parallel glass windows about 1 cm apart, containing Ringer’s solution. The cell is 
screwed to a brass rod, C, which is held in a third stand. The stimulating cathode, D, made 
of platinum, emerges from the Perspex frame and makes contact with one side of the muscle 
near the pelvic end. Immediately above the level of the electrode is shown a horizontal 
rectangular black area, which indicates the part of the muscle which is illuminated. The 
anode is silver wire, Z, fixed to one limb of the Perspex frame. The leads to both electrodes 
(shown as dotted lines) are embedded in grooves in the Perspex, and run to brass terminals, F’. 
(6) sternocutaneus. The muscle is held, with its fibres running horizontally, on a thin (1 mm) 
sheet of Perspex, G, by cotton tied at two points to the skin at one end, and to three points 
on the flap of body wall at the other end. The cotton is held down by plasticine, H. J indi- 
cates a circular hole in the Perspex across which is stretched the muscle. J also indicates 
the platinum stimulating cathode close to the surface of the muscle. The silver anode, K, is 
fixed to the Perspex sheet. The lead to the cathode (dotted line) is embedded in a groove in 
the Perspex. The leads run to terminals, L. Immediately to the left of the cathode is shown 
a rectangular black area which indicates the position of the incident beam of light. The 
Perspex holder is screwed to the brass rod, M, held in a Palmer stand, and is lowered into 
a cell, with parallel glass sides about 1 cm apart, containing Ringer’s solution. The cell is 
fixed to the brass rod, N, which is held in another Palmer stand. 


Mounting the muscle. The sternocutaneus was held as shown in Fig. 1. Before mounting, the 
Perspex sheet was detached from its supporting rod and put flat on the bench. The sterno- 
cutaneus was laid centrally over the circular hole, and five small pieces of plasticine were firmly 
applied at the appropriate points over the cotton attachments. The muscle was stretched out by 
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pulling on the cotton, until it was reasonably taut. When its position was finally adjusted so 
that it would lie horizontally, the plasticine was pressed down hard to prevent any further 
movement. The size of the muscle was then about 5 mm wide and 10 mm long. The platinum 
electrode which is fixed across the hole in the Perspex lay very close to the central region of the 
muscle but was not actually in contact with it. The Perspex sheet, with the muscle attached to it, 
was then screwed on to the supporting rod and lowered into the cell of Ringer’s solution (Fig. 1) 
where it was left to soak for about 1 hr before use. 

Optical system. This was similar to the one described in the previous paper. In order to obtain 
a clear-cut diffraction pattern it was designed to give a wedge-shaped beam of light, with the 
parallel sides of the wedge at right angles to the long axis of the muscle. Fig. 1 shows that the 
sartorius fibres were vertical, while the sternocutaneus was horizontal: a change from one muscle 
to the other therefore necessitated a rotation of the optical system through a right angle. The 
muscle was 5 cm from the lens, at the plane of focus of the filament. The position of the muscle 
holder was adjusted so that the light was incident on the muscle at a point within a fraction of 
1 mm from the stimulating electrode. A mask of black paper was stuck to the window of the cell 
facing the lens, with a hole 1-7 mm square cut in it. This hole admitted only part of the beam of 
light, which was thus prevented from overlapping the edge of the muscle. The mask also reduced 
the amount of stray light entering the photocell. The exclusion of ‘irrelevant’ light in this 
way helped to reduce the level of noise. White light was used. 

Recording system. This was similar to the one described in the previous paper, where it was 
shown how the aperture of the photocell can be set in any required position in relation to the 
spectra. The output current was amplified to drive a cathode-ray tube. The amplifier was con- 
denser coupled with a time constant of 0-1 sec, which was too short for obtaining an undistorted 
record of changes during the twitch as a whole, but was adequate for the present experiments 
which cover less than the first 10 msec of the optical change. The response of the amplifier 
extended to 10,000 c/s without loss. The oscilloscope time-base unit (Attree, 1949) provided single 
sweeps from an initially suppressed spot. The sweep was triggered from one output channel 
of the stimulator unit (Attree, 1950), the other channel being connected via a short-circuiting 
key to the terminals on the muscle holder. The duration of the stimulating pulse was 0-3 msec. 
The time delay in triggering was less than 0-02 msec. 

Procedure. The strength of the stimulating pulse was set to about twice the minimum value 
required for a maximal twitch as observed by eye. The stimulator was set to run repetitively at 
a frequency of about 1 shock every 2 sec; each impulse triggered the time-base, but stimulation 
of the muscle occurred only when the short-circuiting key was pressed. A 35 mm reflex camera 
was used to photograph the trace. With the room darkened, the response for the photocell in 
a particular position was recorded by opening the camera shutter in the interval between sweeps, 
pressing the stimulating key, allowing one ‘live’ sweep to occur, and then closing the shutter 
before the next sweep. Figs. 2-8 are photographic records taken in this way, with the addition 

c/s. 


RESULTS 

The type of record is described by stating, first, which order of spectrum was 
admitted through the photocell aperture, followed by the word direct if the 
record was made with the aperture positioned at some point on the vertical 
(sartorius) or horizontal (sternocutaneus) plane containing the incident beam, 
or lateral if it was to one side or the other of this plane. When using a large 
aperture it was not always certain how many orders of spectra were being 
recorded. In such cases it is easier to state which orders were excluded; for 
instance, if the zero order was excluded, but the first and higher orders 
admitted, the words less zero order are used. 7 
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In describing the results, attention is directed only to the earliest part of 
the response. After about 3-4 msec (20-25° C) the situation becomes com- 
plicated, as already mentioned, by supervention of changes due to scattering 
and to localized shortening of the muscle. If the muscle is highly stretched 
(Hill, 1949) the effect of localized shortening can be greatly reduced, and this 
simplifies the picture. In the present experiments the sartorius was not 
highly stretched, and the results after the first 3-4 msec were often spon- 
' taneously variable, and also depended on factors such as stimulus strength 
and the exact relationship of the beam of light to the stimulating electrode. 
The results for the sternocutaneus after the first 3-4 msec were extremely 
variable, and ‘polyphasic’ forms of curve, due to localized contraction and 
lengthening, were often seen. In the case of the sternocutaneus these secondary 
effects are not avoidable by working with a tightly stretched muscle; the 
overall picture during the twitch appeared variable and incoherent under all 
conditions, and this muscle is clearly not suited to the study of optical changes 
except during the first 3-4 msec after the stimulus. By contrast, the change 
recorded during the first 3-4 msec has shown complete consistency, and for 
reasons discussed below it is much more clearly seen with the sternocutaneus 
than with the sartorius. 

_ Sartorius. The earliest phase of the optical change is shown in Figs. 2-4. 

The gain of the amplifier had to be very high, and the noise (‘shot’ noise, 
from the photocell) is large. The noise is greater than in the earlier experi- 
ments (Hill, 1949) because the intensity of light on the muscle, and the 
aperture of the recording system with the present optical arrangements are 
relatively small (enforced by the need of obtaining and recording individual 
diffraction spectra). The dependence of noise on the intensity of light received 
is a point discussed in the earlier paper (Hill, 1949). The results suggest that 
the first detectable change is due to a decrease of diffraction. This conclusion 
is consistent with (a) an increase of light at zero order, direct (Fig. 2); (6) a non- 
reversal on moving to zero order, lateral (Fig. 3); (c) a reversal at less zero, first — 
and second orders, direct (Fig. 4). By themselves, the results for the sartorius 
are not at all convincing. A reversal was obtained only by excluding the zero, 
first and second orders; it was not possible to detect any early change by 
excluding only the first or second orders, or by recording the first order alone. 
Even when the reversal is achieved, it appears to start rather late (2-2-5 msec) 
compared with the starting time of 1-7 msec for the record at zero order, direct, 
but this may be explained by a weak signal on a noisy base-line. 

Sternocutaneus. The results are much clearer than for a sartorius. In view 
of what is said later regarding the behaviour of a multi-layer diffraction 
grating, this fact alone strengthens the argument in favour of the conclusion 
that diffraction is responsible for the change observed, for diffraction effects 
should theoretically be more easily detected in a thin muscle than in a thick 
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one, whereas the optimal thickness for detection of a change of scattering is 
Hill, 1949) if anything rather greater than that of a sartorius. | 

Figs. 5 and 6, recorded for zero order, direct and first order, direct show 

a change starting at 1-2 msec which is attributable to a decrease of diffraction. 

The sartorius showed no change of the first-order spectrum alone; the sterno- 


Fig. 2. Fig. 3. 
i i direct, 21° C. The change 
Fig. 2. Sartorius muscle. The response is shown for position zero order, 
starts at 1-7 msec. The stimulating shock is applied at time zero. The positive vertical 
direction corresponds to an increase of light at the photocell. 
Fig. 3. Sartorius muscle. The response is shown for position zero order, lateral. 21° C, The change 
starts between 2-0 and 3-0 msec. 


Fig. 4. Sartorius muscle. The response is shown for position less zero, first and second orders, direct. 
21° C. The change starts between 2-0 and 2-5 msec. 


cutaneus shows a large one. The angle between the zero and first order is 
about 12°. There is a reversal of the effect as between the two positions. No 
such reversal is found by recording laterally; even at about 60° off the direct 
plane the change starts in the same direction as it does with the photocell 
aperture on the direct plane. The absence of reversal laterally rules out a 
~ change of scattering as being the cause of the early phase. The reversal 
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obtained by recording the first-order spectrum rules out absorption. The same 
reversal is found by recording any other of the spectra singly, or any com- 
bination from which the zero order is excluded. 


0 2 4 msec 


0 2 4 msec 
Fig. 5. Fig. 6. 


Fig. 5. Sternooutaneus muscle. The response is shown for position zero order, direct. 24° C. The 
change starts at 1-2 msec. 


Fig. 6. Sternocutaneus muscle, The response is shown for position first order, direct. 24° C. The 
change starts at 1-2 msec. 


Fig. 7. Fig. 8. 

Fig. 7. Sternocutaneus muscle. The response is shown for position zero order, direct. 22° C. The 
change starte at 1-6 msec. This record gives an example of the variety of forms the response 
may take following the initial consistent response seen during the first 3-4 msec. 

Fig. 8. Sternocutaneus muscle. The response is shown for position first order, direct. 22° C. The 
change starts at 1-3 msec. This record gives an example of the variety of forms the response 
may take following the initial consistent response seen during the first 3-4 msec. 


Examples of the complex and variable results which may occur after 
3-4 msec are given in Figs. 7 and 8. | 

The time after the stimulating shock at which the first effect starts can be 
estimated best from the results for the sternocutaneus. Noise leads to some 
uncertainty, but this can be reduced by averaging a number of results. 
A series of twenty-three records was made with the same muscle, and the 
times are given in Table 1. The average optical latent period was 1-37 msec 
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at 24° C. The delay in excitation of the illuminated zone of muscle was small, 
and probably negligible. The distance of the electrode from the edge of the 
illuminated area was less than 0-5 mm. For a transmission speed of 2 m/sec 
the maximum delay would be 0-25 msec, but the actual delay must have been 
less than this, or even zero, owing to spread of excitation around the electrode. 
Some records were made with the electrode in the beam of light, and the time 
of onset of the optical change appeared to be about the same. 


Taste I. Times of the first detectable optical change in a series of twenty-three records 
taken with a sternocutaneus muscle. 24° C, 


Time of first Time of first 
Type of Type of 

record (msec) record (msec) 

a 1-5 c 12 

a 1-6 c 1-2 

b 13 a 1-3 

b 1-3 b 1-8 

a 1-4 a 13 

b 1-4 a 1-3 

a 1-2 b 13 

a 1-1 a 1-7 

b 1-1 b 15 

b ll a 1-6 

a 1-5 b 1-2 

15 Average 1-37 


Types of record: a, zero order, direct; b, first order, direct; ¢, less zero order, direct. 


The intensity of spectra from a multi-layer grating 

The mechanism by which a muscle fibre diffracte light is similar to that of the laminary grating, 
in which the opaque strips of the ordinary slit grating are replaced by transparent strips of such 
a thickness that some one wave-length in the spectrum suffers a retardation of $A. The resulting 
interference between rays which pass through the retarding strips and those which pass between 
them, leads to a loss of intensity in the direct beam. The light which is lost in this way is diffracted, 
and is seen in the various spectral orders, A whole muscle, several fibres thick, may be considered 
as a series of gratings superimposed upon one another. Sandow (19364) has pointed out that, 
although the spacing of the spectra will be the same as for a single fibre, the distribution of 
intensities in the pattern will be altered by repeated diffraction at successive layers, and relatively 
more and more light will be thrown into the lateral spectra of greater order. This question of the 
distribution of intensity in the various orders from a multiple grating, and of the effect of a change 

of some in in connexion with the work described i presen i 

considered in greater detail. Pine —— 

The formal mathematical treatment would be excessively complicated. The alternative is to 
make various approximations, and to calculate what is happening layer by layer. This serves 
the immediate purpose, which is to show in a general sort of way how the intensities of the various 
orders of spectra from a multi-layer grating depend upon the intensities from a single layer. 
Suppose that unit quantity of parallel light falls upon the first layer of a multi-layered grating. 
The quantities of light emerging from the first layer are arbitrarily taken as 3a in the first order 
2a in the second order, a in the third order, zero in the higher orders. This leaves 1-124 in the 
direct beam. Seven beams of light are now incident at different angles upon the second la 
Each of these forms its own seven beams after diffraction by the second layer wore al 
mation the totals in the various orders from the second layer may be found. 1+:te sanumed thes 
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all orders higher than the fifth will be lost; this means that after diffraction by the second layer 
the sixth order is ignored. The process is continued for a third layer and again for a fourth. Some 
results have been worked out for selected values of a. These are given in Table 2. They illustrate 
the fact that the output of a multi-layer grating may bear very little relation to the output of 
a single layer. Taking, for instance, the first-order beam of a four-layer grating, the intensity is 
geen to rise initially in the range a=0-1-0-2, but in the range a=0-2-0-5 it falls again. It 
follows that under some conditions an examination of changes (or the absence of changes) in the 
intensities of spectra from a multi-layer grating will reveal very little of what is happening in 
the individual layer. According to Buchthal & Knappeis (1940), the intensities of the spectra 
from a single frog’s muscle fibre are in the following proportions: zero order, 4; first order, 1-0; 
second order, 0-31; third order, 0-21. A value of a =0-05 is therefore probably about in the middle 
of the range which ought to be considered. 


TasBiE 2. Intensities in the individual spectral orders for gratings of different numbers of layers 


One layer, a Two layers, a 
order 0-01 002 005 0-08 0-01 0-02 0-05 0-08 
0 088 076 040 0-04 0-772 0-589 0230 0-180 
1 003 006 O15 0054 0-098 0-160 0121 
2 002 O04 O10 016 0-037 0-067 O118 0-109 
3 0-01 002 005 0-08 0-019 0-035 0-083 
Three layers, a Four layers, a 
order 0-01 002 O06 0-08 0-01 0-02 0-05 0-08 
0 0-689 0466 0171 0-110 0613 0377 #0109 
1 0-074 0120 0-146 0-120 0090 60-134 0-132 0-103 
2 0-051 0-084 0116 0-105 0062 0-096 0109 0-004 


3 0019 0035 0070 0-083 0-027 0046 0078 0-077 
The incident light has magnitude unity. The quantities of light emerging from the first layer 
are taken as 3a in the first order, 2a in the second order, a in the third order. Spectral order 
0 represents the direct beam; 1, 2, 3 are the diffracted orders on one side only of the direct beam. 
The figures for the intensities in the fourth and fifth orders are not included in the table. 


On these lines it is possible to account for the difference in behaviour on the one hand of the 
sternocutaneus, with its two to three layers of fibres, or of a single fibre, and on the other hand 
of a muscle such as the sartorius, with about eight layers. In the former, the intensities of all 
the orders of spectra show a marked decrease in a tetanus, while in the sartorius the change is 
almost undetectable. In the experiments described above, both the sartorius and the sterno- 
cutaneus were used. The conclusion has been advanced that the optical effect being studied is 
due to a change of diffraction: it might therefore be expected that the ‘signal’ would be con- 
siderably greater, in relation to the electrical noise, for the sternocutaneus than for the sartorius. 
This is evidently so, as may be judged from the records shown. The first phase of the optical 
change is practically absent for the sartorius when the photocell is placed to receive only the 
first-order beam; it has not been possible to record it. Compared with this, the sternocutaneus 
gives a large response (Fig. 6) when the first-order spectrum is recorded alone. 

While on the subject, it is worth mentioning that in the pattern produced by a simple optical 
grating the intensities of the successive orders of spectra follow an irregular sequence. Some 
orders may even be absent. If xz is the width of the slit, and y the width of the opaque strip in 
the ordinary grating, then if s=y the spectra of even order, 2, 4, 6, etc., will be absent. If =}A 
the spectra of order 3, 6, 9, etc., will be absent; if z= }y, spectra 4, 8, 12, etc., will be absent. 
Similar reasoning may be applied to a laminary grating or to a single layer of musele fibres. If 
the A and J bands have the same width the even-order spectra should be absent. Under certain 
conditions a single fibre does, in fact, show a markedly diminished second-order spectrum (A. F. 
Huxley, personal communication), suggesting that the A and J bands have become nearly equal 
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in width. The same thing may be seen with a frog’s sternocutaneus muscle. In a muscle as thick 
as the sartorius, no loss of intensity in the second-order spectrum is ever observed. The explana- 
tion of this follows from the above considerations of the behaviour of a multi-layered grating, for 
it has been shown that the intensities of the spectra from such a grating are within wide limits 
almost independent of the intensities which would be produced by any one layer by iteelf. 


DISCUSSION 


Stimulation of a striated muscle results in a reduction of the amount of light 
diffracted by the striations. The striations are caused by a localization of 


material of high refractive index in the anisotropic segments of the fibre, 


and the loss of diffracting power means that the high-» material undergoes 
some dispersal when the muscle is stimulated (cf. Hill, 1953). This is perhaps 
an undue simplification of the situation regarded from the morphological 
point of view. Barer (1948) has reviewed the literature on the structure of 
the striated muscle fibre, and refers to earlier work concerning the effect of 
stimulation on the band structure of striated muscle. More recently, Hanson 
(1952), and Ashley, Porter, Philpott & Hass (1951) have described changes in 
cross-striation of isolated myofibrils during contraction induced by adenosine- 
triphosphate. (Horvath (1952) has failed to show any alteration in the 
striations of glycerinated psoas muscle treated with ATP.) The band structure 
as revealed by the electron microscope is complex, and the changes which 
have been claimed as taking place are equally so. In speaking here of ‘dis- 
persal’ of high- material, the morphological implications are ignored, for 
the present experiments give no information on the subject. 

The diffraction starts to decrease at about 1-4 msec at 24° C (the average 
from a series of twenty-three records made with the sternocutaneus muscle). 
The latency relaxation of a sartorius starts at about the same time, at 
1-6 msec at this temperature (Sandow, 1950). An attempt was made, using 
a piezoelectric crystal, to record the latency relaxation of a sternocutaneus, 
but it was not possible with this very small muscle and heavy attachments to 
detect any latency relaxation. The action potential of a single muscle fibre 
has a rising time of about 1-0 msec at 13°C (Hodgkin, 1951). Both the 
diffraction change and the latency relaxation therefore appear to start within 
a fraction of 1 msec after the peak of the action potential, during the falling 
phase. The contraction proper is delayed for another 1-5 msec. 

What connexion might there be between the latency relaxation and the loss 
of diffracting power? There may be nothing more than a remote common 
cause, though there is a temptation to speculate on the possibility of there 
being a closer link. It is conceivable, for instance, that the rearrangement of 
high-u material responsible for the change in the striations is the direct cause 
of the breakdown of molecular bonding which allows the partial release of 


tension in stressed protein chains, resulting in the latency relaxation. But at 


present there is no evidence to establish any connexion of this sort. 
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Although the function of the striations is obscure, their presence is un- 
doubtedly associated with the ability of a muscle to hold a high resting 
tension. It is therefore not altogether surprising to find a loss of diffraction 
accompanying the loss of resting tension (latency relaxation), which can be 
thought of as being due to some kind of plasticization, or breakdown of mole- 
cular bonding. 

One of the questions which has to be answered is this: why does ‘ vulcaniza- 
tion’ involve the aggregation of high-» material in the form of striations? Or, 
admitting a direct causal connexion: why does ‘vulcanization’ result from 
aggregation of high-» material, and what mechanism produces the aggrega- 
tion, or the dispersal following stimulation? There is a fair amount of evidence 
(reviewed by Barer, 1948) that potassium, present in relatively high con- 
centration within the fibre, is concentrated in the A-bands. If it is indeed 
largely potassium which constitutes the high-y material referred to above, it 
would be interesting to consider whether longitudinal dispersal of this polar 
_ material could conceivably be brought about by the electrical changes, or 
ionic movements, which occur at the excitable membrane during the passage 
of the action potential. It appears that the dispersal starts during the falling 
phase of the action potential, and there is evidence (Hodgkin, 1951) that 
during this phase the membrane possesses an abnormally high permeability 
to potassium, and that there is consequently a loss of potassium from the 
fibre at this time. It is possible that this outward flow of potassium involves 
longitudinal dispersal of the aggregates inthe A-bands. It is probably too 
much to hope that this might provide some clue to the missing link between 
excitation and contraction. | 

SUMMARY 

1. There is a decrease in the intensity of white light diffracted by a frog’s 
striated muscle when it is stimulated. A photoelectric cell is used for recording. 
_ The change starts at 1-2 msec after the stimulus is applied (20-25° C); this is 
about the time at which the latency relaxation begins. The contraction proper, 
and the change of scattering which accompanies it, start later at 3-4 msec. 

2. The sternocutaneus muscle of the frog shows this change more clearly 
than the sartorius. The reason why the thinner muscle shows the better 
response is discussed. 

3. It is suggested that the change of diffraction is caused by longitudinal 
dispersal of material with high refractive index which is normally aggregated 
in the anisotropic bands. It appears, from the timing, that the change starts 
during the falling phase of the action potential; the significance of this is 
discussed. Consideration is also given to the relationship between the change 
of diffraction and the latency relaxation. 

I am indebted to Mr A. F. Huxley for much valuable discussion in connexion with this and the 
preceding paper. 
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THE MOBILITY AND DIFFUSION COEFFICIENT OF 
POTASSIUM IN GIANT AXONS FROM SEPIA 


By A. L. HODGKIN anp R. D. KEYNES 
From the Physiological Laboratory, University of Cambridge 
(Received 7 October 1952) 


The object of the experiments described here is to. measure the mobility and 
diffusion coefficient of the potassium ions inside the giant axons of Sepia 
officinalis. The principle of the method is to make a short length of axoplasm 
_ radioactive by allowing internal potassium to exchange with externally applied 
“K in a restricted region. If a fibre which has been treated in this way is 
washed with sea water and placed in oil, most of the “*K remains in the 
axoplasm since the extracellular space is relatively small and the external 
_ potassium concentration is low compared to the internal concentration. The 
movement of the radioactive potassium inside the nerve fibre under the 
influence of diffusion or an electric field can then be studied by moving the 
fibre horizontally over a suitably screened Geiger counter. In the theoretical 
section it is shown that the mobility can be obtained from the velocity with 
which the radioactive patch drifts along the fibre under the influence of an 
applied voltage gradient, while the diffusion coefficient can be calculated from 
the extent to which the patch broadens during the experiment. The voltage 
gradient along the axis cylinder may be measured with an external electrode 
since internal anal external gradients should be equal near the middle of 
a sufficiently long interpolar region (Hodgkin & Rushton, 1946). — 

A preliminary account of this work was given at the XVIIIth International 
Physiological Congress (Hodgkin & Keynes, 1950). 

The discussion contains a brief‘ account of further experiments of the type 
described by Keynes (1951) and Keynes & Lewis (1951 a). These suggest that 
at least 90% of the total potassium is free to exchange with radioactive 
potassium, and therefore provide evidence that the results of the present 
study apply to the bulk of the potassium inside the axoplasm. 
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METHOD 


apparatus required was an arrangement for moving the nerve fibre above the 
pa Sete. 7 Geiger counter. This underwent some modification during the experiments 
but we shall describe in detail only the final version (Fig. 1A) since this design was the most 
satisfactory and the same general principle was used throughout. In ite final form (which was used 
in the last three experiments), the apparatus consisted of a Geiger counter surrounded by a lead 
cylinder and covered with a block of brass in which there was a circular window of width | cm. 
The reason for using such a wide aperture is that a smaller one would reduce the counting rate 


Fig. 1. A. Diagram of final version of nerve chamber and Geiger counter. Only the edges of the 
brass base-plate supporting the mica are seen since the section passes through the slot cut 
in the region occupied by the nerve. Details of the mechanical stage are not shown. B. Sketch 
showing arrangement used in the majority of experiments. The thickness of the mica sheet 
and of the glass or mica strip has been exaggerated. 


from a single fibre to a point at which random errors would offset any increase in resolution. 
A mechanical stage with 7 cm of horizontal travel was built on to the Geiger counter assembly 
and carried the nerve chamber. The latter was filled with oil and consisted of an open rectangular 
box with thick Perspex walls and a mica bottom 0-1 mm in thickness. The mica was supported 
by a brass base plate out of which a large slot was cut in such a way that the window above the 
Geiger counter lay just below the nerve. The forceps for holding the nerve and the electrodes for 
applying current were attached to the Perspex walls of the cell through a vertical rack and pinion 
which enabled the nerve to be lifted off the bottom of the cell. The silver chloride electrodes were 


| Forceps Perspex wall 
Electrode Axon Mica 
| Brass base through 
of mechanical holes in 

GY Geiger 
counter 
; Forceps Thin glass or mica 
Ol Axon Mica (01 mm thick) 
ZZ Brass base plate 
ZY 

counter 
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mounted in glass tubes filled with agar sea water which terminated in agar wicks about 1 mm in 
diameter. A similar electrode with a finer wick was used to measure the voltage gradient. 

The cell used in the first eight experiments is shown in Fig. 1 B. In this apparatus the oil bath 
was fixed and the nerve rested on a sliding carriage which was moved horizontally over the mica 
bottom of the oil bath. The carriage consisted of a long piece of glass or mica about 0-15 mm in 
thickness on to which end pieces of glase were cemented. It was held horizontally by outward 
pressure from the forceps holding the nerve. 


j 


' 


L 


1000 


Counts/min 


0 
-10 -05 0 05 10 15 
cm 
Fig. 2. Calibration of ecreened Geiger counter shown in Fig. 1 A. The abscissa gives the horizontal 
distance between the vertical axis of the Geiger counter and a small crystal of radioactive KCl 
placed on the mica bottom of the nerve chamber. The ordinate is the counting rate. 


The diameter of the Geiger counter window was | om in all the experiments. Its screening 
properties were examined by placing a small crystal of ‘*KCI in the position normally occupied 
by the centre of the nerve. When the crystal was moved over the Geiger counter the curve shown 
in Fig. 2 was obtained. It will be seen that the screen allows radiation to be collected over 
a distance of about 1 cm and then cuts off sharply. This curve was obtained with the apparatus 
in its final form. The earlier version gave a curve which was similar except that the maximum 
was less flat. 

On one occasion the apparatus was tested by observing the movement of a patch of “KCl 
injected into a thin-walled capillary (500 u diameter) filled with 0-2 m-KCl. The result was within 
2% of that calculated from the conductivity of the solution, but a figure of + 5 % is more likely 
to represent the accuracy of this experiment. 

Artificial sea-water solutions containing “*K were made up with K concentrations varying 
between 10 and 50 mm (usually 20 mm), and concentrations of other ions approximately as stated 
by Keynes (1951, table 1). Sea water or artificial sea water containing 10 mm-K were used for 
dissection. 


Radioactive samples were prepared by irradiating spectroscopically pure K,CO, or ‘Analar’ 
- KHCO, in the neutron pile at A.E.R.E. Harwell. In the first case the carbonate was dissolved 
in a little water, and neutralized to pH 7-0 with 1N-HCl, CO, being pumped off at reduced 
pressure and pH measured with a glass electrode. In the second, K was precipitated as KCIO, and 
reduced to KCl by the general method described by Keynes & Lewis (19514). Artificial sea water 
was made up from the “*KCI and applied to the nerve as a drop about 7 mm in diameter. This was 
held in a small Perspex cup which was removed when the centre of the axon had taken up 

sufficient “*K. 
The apparent concentrations of labelled potassium given in Table 1 were obtained by dividing 
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filled with a labelled KCl solution of known concentration. A numerical analysis using a typical 
distribution (Fig. 3) and a calibration curve (Fig. 2) indicated that the maximum concentration 
at the centre of the radioactive patch was about 20% higher than the figures given in Table 1. 

For the exchange experiments mentioned on p. 526 the general methods were those of Keynes 
(1951) and Keynes & Lewis (1951 5). 

Giant axons 4-6 om long and about 200 » in diameter were dissected by the method described 
by Keynes (1951) and carefully cleaned from adherent tissue. It was important to use long axons 
since Weidmann (1961) gives the space constant of electrotonic spread as 5-7 mm and measure- 
ments of the type described here should ideally be made at a distance of 15 from the anode. 
Remoteness of the cathode is also desirable, but is less important since the brane resistance 
decreases under a cathode and the effective space constant is greatly reduced (cf. Cole, 1941). 


THEORETICAL SECTION 


Diffusion and electrical transport 
It will be assumed that the flow of “K along the axis cylinder is given by 
m= - wy, (1) 


where m is the flow of “K through unit area, y is the concentration of “K, 
z is distance along the nerve, D is the diffusion coefficient, « is the mobility 
and v’ is the voltage gradient. In a dilute solution, D=(RT7/F)u, but this 
substitution will not be made since D and u can be measured independently. 
The rate at which the concentration of “K increases with time is given by 
—@m/éx. Since v’ is constant it follows that 


This equation can be simplified by a method suggested by Mr A. F. Huxley. 
Suppose that y=/(z, t), where z=z+wv't. 


Of (z, t) , (F(z, t) 
On substituting these values in equation (2) we obtain 
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Hence any solution y=fe t) of the ordinary diffusion equation (3) will also 
satisfy equation (2) if z is replaced by 2+wuv’t. le, 

In the present case the boundary conditions are y= /,(z) pe ae t=0, and 

yA when «= +00. For all finite times identical boundary conditions hold 

in terms of z so that the solution using z is the same as the solution using z in 


the absence of a voltage gradient. This means that the broadening of the 


radioactive patch due to diffusion and the drift of the patch under the applied 
field will proceed independently. If the patch is symmetrical about z=0 at 
t=0 it will remain symmetrical about z= — uv’t and will have exactly the same 
shape as it would in the absence of an applied field. The maximum of the patch 
will therefore move along the nerve in the direction of z with a constant 
velocity of —uv’. Measurements of u by this method will not be disturbed by 


~ the wide aperture of the Geiger counter since this cannot alter the position of 


maximum radioactivity. 
To measure the diffusion coefficient we make use of the following argument. 
The observed radioactivity @ is related to the actual radioactivity by the 


relation 
_ ad, (4) 


where r is the radius of the fibre and A is the distance measured from the centre 
of the Geiger counter window. ¢(A) is a calibration curve of the type shown in 
Fig. 2. Similar expressions hold for the partial derivatives of @ and y with 


Tespect to ¢ and z. Thus 


at 
On substituting from equation (2) the integral vanishes and 
06 , 


Thus although the observed radioactivity (#) has a different distribution 
from the actual radioactivity in the nerve (y) it still obeys the same differential 
equation. This is a convenient result because it allows the diffusion coefficient 
to be measured without going through the tedious and uncertain process of 
converting @ into y by means of the calibration curve ¢(A). The method was 
still further simplified by the finding that the initial distribution 0,)= f(z) 
was well fitted by a Gaussian curve. The boundary condition for equation (5) 


0,,9= exp- ("=") (6) 
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where Aj, %, and a» are constants. With this initial condition the distribution 
at any subsequent time ¢ is 


, (7) 

Ay_(, 

—a,2=4Dt, (9) 

—w't. (10) 


These are the relations used to calculate D and wu. 


Method of fitting curves to experimental data 

The problem considered here is that of fitting equation (7) to data such as 
those shown in Fig. 3. The method which we finally employed was suggested 
by Mr Huxley; it consisted in expressing the experimental data @,,z,, 
etc., in the form w,,4,,2,, %2_,9_,%, Where w is the weight attached 
to each observation and g=In 

These values must now be fitted by a parabola of the form a+bz+cz?, 
where a=In A —2/a*, b= 22/a*, c= —1/a*. Since each observation of weight w 
is equivalent to w observations of equal weight it follows that the data are 
best fitted when the quantity Xw(a+bzr+cz*— q)* is a minimum. On dif- 
ferentiating this expression with respect to a, b and c and equating to zero 
the following relations are obtained: 


Lwg + (11) 
Lwgr + bows +cLwz, (12) 
=aLwr* + (13) 


The weight attached to each observation is obtained in the following manner. 
Provided that the counting rate is not close to background the best estimate 
of the variance of an observation @ is proportional to the total ernteh of 
counts (m) recorded by the counter. @ is related to n by | 


@=[exp (dt) 


where k is the decay constant of “K, ¢ is time, At is the counting time and B is 
the background. Since a small error An is associated with an error of 
(2q/0n) An in q, it follows that the variance of g is approximately: 


V(q) = V(n) (7) (n— At)?" 
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The weight to be attached to any reading is therefore (n— BAt)*/n. Observa- 
tions in which the counting rate was not significantly different from back- 
ground were rejected in order to avoid the difficulties arising from occasional 
negative values of 0. 

Having found values for a, b, c by means of equations (11), (12) and (13), 
it was then a simple matter to obtain A, « and Z by the relations 


A=exp (a—6*/4c), a=/(-I/c) and Z=—b/2. 


RESULTS 


_After the axon had been isolated and cleaned it was mounted in oil about 
1 cm above the bottom of the cell shown in Fig. 1. The centre of the axon was 
soaked for 1-3 hr im a large drop of artificial sea water containing 10-50 mm 
- of K labelled with “K. Under these conditions labelled potassium (K*) 
_ exchanged with the internal potassium over a length of 1 cm and reached an 
apparent concentration of 10-100 ma, the amount being roughly proportional 
to the duration of treatment and the potassium concentration in the external 
solution. At the end of this period the drop of “K was removed and external 
“K washed off with sea water. The excitability was then tested over the whole 
length of the axon. Shortly afterwards the voltage gradient produced by 
a longitudinal current of about 3-5 1A was measured by means of a fine wick 
electrode. The current was applied between electrodes about 5 cm apart and 
the voltage gradient it produced was recorded over the central stretch of 
axon. In this region there should be little membrane current since the voltage 
gradient was usually recorded at a distance of several space constants from 
the electrodes. It is therefore reasonable to take the external voltage gradient 
as equal to the internal gradient along the axis cylinder. A similar measure- 
ment, made at the end of the experiment with the same current, was found 
to agree with the first to within a few per cent. Most of the axons tapered 
slightly and the voltage gradient often increased by 5-10% per cm as the 
recording electrode was moved away from the central end of the fibre. In 
order to reduce errors from this cause the voltage gradient used for calculating 
the mobility was taken as the mean over a length of 2 cm in the region 
occupied by “K (e.g. from 1-5 to 3-5 cm in Fig. 3). When this measurement 
was complete the current was switched off and the axon was lowered on to the 
mica bottom of the cell (Fig. 1 A) or on to a thin strip of mica or glass (Fig. 1 B). 
_ The distribution of “K was determined by sliding the fibre over the Geiger 

counter window and taking counts at a number of fixed positions. In most of 
the experiments an attempt was made to ‘bracket’ the maximum by making 
_ alternate measurements on either side in quick succession. The whole opera- 
tion took 20-30 min and resulted in a series of points such as those shown in 
Fig. 3A or Fig. 4A. The next stage was to switch on the current for a period 
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of 40-80 min. During this period the counting rate was recorded at certain 
fixed distances. This is illustrated by Fig. 5 which shows the counting rate, 
determined in 1 min counts at 1-5, 2:7 and 3-1 cm. At 1-5 em the counting 
rate decreased steadily whereas it increased at 2-7 cm, indicating that the 


| 
Diffusion Diffusion 
Voltage coefficient 
T gradient Velocity Mobility (from «) 
Axon ec (V/em) (mm/min) (10-*cm*sec~! (10-Som*/sec) (10-*em*/sec) 
1 18 - 0-400 0-138 5-75 0-73 2-28 
3 19 0-331 
4 17 - 0-548 0-177 5-37 2-13 1-53 
5 16 — 0-295 0-096 5-42 1-12 1-16 
6 19 — 0-600 0-185 5-14 2-24 2-99 
7 18 +0-415 - 3-80 0-52 0-79 
8 18 0 (0-005) -- 1-09 1-88 
9 19 - 0-287 0-076 4-39 1-65 1-69 
10 17 0 (0-001) — 1-06. 0-89 
ll 17 +0-412 - 0-113 4-57 1-13 2-34 
Mean 18 4-87 1-30 1-73 
8.B. of mean — = 0-20 0-20 0-24 
Experimental details 
Time Concentration K* Duration Length excitable 
soaked in (mm) of (mm) 
Diameter drop A current — A 
Axon (ym) (min) indrop imnerve (pA) (min) Beginning End 
1 210 125 50 86 5-43 80 40 0 
2 134 145 10 18 2-26 65 28 10 
3 218 160 20 35 3-98 83 33 20 
4 181 65 20 ll 3-90 37 24 10 
5 185 65 20 10 2-33 62 30 25 
6 181 150 20 32 4-72 46 25 0 
7 183 65 20 7 — 3-92 80 42 36 
8 151 130 20 20 0 (105) 30 20 
9 218 75 20 10 3-69 85 40 23 
10 200 215 20 35 0 (445) 20 0 
ll 164 136 20 37 - 2-91 63 20 0 


Voltage gradients, velocities and currents are given in the peripheral direction (i.e. from the 
head end to the tail end of the fibre). The figures for the concentrations of labelled potassium 
(K*) in the nerve are approximately equal to the average concentrations of K* over 1 cm in the 
middle of the radioactive patch. The maximum concentration at the centre of the patch was 
probably about 20% greater. The counting rates in axons 2 and 3 were too low to determine 
diffusion coefficients. The bracketed ‘durations’ in axons 9 and 11 give the interval between the 
initial and final determinations of the distribution of ““K. The corresponding figure in the other 
experiments was about 25 min greater than the duration of current. 


maximum was moving in the direction of +z. The two counting rates became 
equal 11 min after the current was switched on, showing that the maximum 
was located at 2-1 cm at this time. The line for 3-1 cm intersects that for 1-5 cm 
at 23 min indicating that the maximum moved 2 mm in 12 min. The straight 


‘ 
; 
5 ' 
; 
‘ 
> 


0 2 3 


uke 


Fig. 3. Distribution of radioactivity along nerve. Curve A (©—®) gives the observed radio- 
activity (ordinate) as a function of distance along the nerve at the beginning of the experiment. 
Curve B (@—@) is a similar distribution at the end of the experiment. Between making 
curves A and B a current producing a voltage gradient of -0-548 V/cm was applied for 
37 min. The arrows show the position of the maximum at various times, The anode was 
located at the central end of the fibre ( - 0-05 cm) and the cathode at the peripheral end 
(4-2 cm). Other experimental details given under axon 4, Table 1. The vertical lines drawn 
through the points show +one s.D. The smooth curves are drawn from equations (6) or (7) 


with the parameters given in the text. 
445 min 
700 
600 
500 
4 300 
200 
| 100 + 
| | j 
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Distance (cm). 

Fig. 4. Control experiment with no voltage gradient (axon 10, Table 1). Curve A shows the 
initial distribution of radioactivity and curve B the final distribution 445 min later. The 
arrows show the position of the maximum at various times. Vertical lines give +s.p, The 
smooth curves are drawn according to equations (6) or (7) with A,=666 counts/min, 
A,=447 counts/min, «, =0-883 em, «,=1-384 cm, %=2-091 cm and #,=3-035 cm. The 
central end of the fibre was at 0-2 cm and the peripheral end at 6-2 cm. 
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lines shown in the figure were calculated by the method of least squares 
using a formula appropriate to a situation in which the variance V(@) of any 
observation @ is equal to @. This method was used in about half the experi- 
ments but was not applied in every case since it gave results which were very 
close to those obtained by drawing straight lines by eye. 


200/- 27 om 
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Fig. 5. Variation of counting rate with time during period of current flow at three positions on 
nerve (axon 4). The points at zero time and at 37 min were derived from the initial and final 


distribution curves. The standard deviation of the remaining points is approximately equal 
to the square root of the ordinate. 


After 40-80 min the current was switched off and the distribution of radio- 
activity again determined. It will be seen from Fig. 3 that the patch of @K 
has broadened and that its maximum has shifted towards the cathode. In 
similar experiments in which no current was applied, the patch broadened 
as before but the maximum did not move along the nerve. This is illustrated 
by Fig. 4 in which the axon was left at rest for 445 min. 

When the final distribution had been determined the axon was lifted from 
the bottom of the cell in order to check the voltage gradient and measure the 
excitability. In all cases in which current was applied it was found that 1 or 
2 cm in the region of the electrodes were totally inexcitable. This is not 
surprising because the currents used were of the order of ten times threshold 
and lasted for about 1 hr. However, in six cases out of nine the axon gave 
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g propagated action potential of normal amplitude over a length of 1-0-3-6 cm 
in the region in which the mobility had been determined. While this result is 
not as satisfactory as one might wish, it is hardly surprising in view of the 
large currents used. The survival of the central region in six axons is pre- 
sumably due to the virtual absence of membrane current in the interpolar 
stretch of a uniform fibre. The failure in three axons could be attributed to 
discontinuities in the amount of external fluid but might equally have nothing 
todo with the current since some failures are inevitable in long experiments 
of this type. There is, in any case, no evidence to suggest that loss of excit- 
ability caused any large change in mobility. Inspection of Table 1 shows that 
the mobility in the three fibres which became inexcitable before the end of the 
experiment did not differ significantly from those in the remaining fibres. 
Nor was there any systematic tendency for the mobility to alter during the 
period of current flow, as may be seen from points such as those shown in 
Fig. 6. 

The experiment which has been described allows both the mobility and the 
diffusion coefficient to be estimated. The analysis consisted in fitting Gaussian 
curves by the method described on p. 518. The resulting curves are clearly 
a good fit to the experimental points as may be seen from the typical result in 
Fig. 3B. (The fit in Fig. 3A is better than that usually obtained.) The 
numerical process of obtaining two Gaussian curves gave six quantities which 

had the following values in the experiment illustrated by Fig. 3: 


A, (initial amplitude) = 214 counts/min 
A, (final amplitude) = 184 counts/min 
% (initial ‘ width’) =0-810 cm 
a, (final ‘ width’) = 0-989 cm 


%, (initial position of maximum) = 1-928 cm 
_ %, (final position of maximum) =2°581 cm. 


The duration of the current in this experiment was 37 min and the mean 
voltage gradient was —0-548 V/cm. Hence u=5-37 x 10-* (from 
equation 10). 

The interval between the mid times of curves A and B was 63 min and this 
time rather than the duration of current must be used to calculate D. Using 
the difference «?—a,%, D is found to be 2-13 x 10-° cm?/sec (from equation 9) 
while a value of 1-53 x 10-* cm?/sec is obtained from Ay, A, and a (equation 8). 
Of the two methods the former is thought to be more reliable, but neither is 
at all accurate since a small change in « or A produces a large error in D. 

The method of calculating the mobility described in the previous paragraph 
was not used in Table 1 since it took no account of the determinations made 
during the period of current flow. The two sets of measurements are combined 
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in Fig. 6 which shows that the point of maximum radioactivity moved along 
the fibre at constant speed. The straight lines in these figures are the regres- 
sions of # on t and a similar method was adopted in calculating all the velocities 
shown in Table 1. Mobilities were then obtained by dividing the velocity by 


the voltage gradient. 


10 
—0-548 V/cm 


50 


100 
Time (min) 


Fig. 6. Variation of position of maximum radioactivity with time. The ordinate gives the position 
of the maximum relative to ite position at the beginning of the experiment; a movement from 
the central to the peripheral end of the fibre is taken as positive. The figures attached to 
each curve show the voltage gradient; a negative sign means that the cathode is at the 
peripheral end of the fibre. The straight lines are the regression of distance on time. A point 
at 445 min was included in calculating the line at zero voltage. Experimental data taken 
from axons 4, 5, 10 and 7. In each case initial and final pointe were obtained by the method 
illustrated in Fig. 3 while intermediate points were obtained by the method illustrated in 
Fig. 5. 


The main sources of inaccuracy in the determination of the mobility are 
probably those introduced by counting errors and by changes in axon diameter. 
In the early experiments there may have been a small amount of backlash 
between the moving stage and the slide on which the fibre rested (Fig. 1 B). 
This probably did not amount to more than about 0-2 mm and was completely 
eliminated in the last three experiments in which the arrangement shown in 
Fig. 1A was employed. In this case the backlash was less than the 
accuracy of setting the mechanical stage which was of the order of 0-03 mm. 
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It is difficult to estimate the extent to which any of these effects might have 
introduced systematic errors but it seems unlikely that the mean mobility 
could have been much lower than 4 x 10-*cm*sec-! V-! or much higher than 
5-5 x 10-*cm* V-". 

One objection which might be raised is that potassium ions may be moving 
in the external fluid rather than in the axoplasm itself. This effect might be 
serious if the mobility of sodium or chloride ions were measured by the same 
method but it is thought to be very small in the present experiments. Ac- 
cording to Weidmann (1951) and Keynes & Lewis (19515) a Sepia axon 
immersed in oil is surrounded by about 10» of sea water. This means that 
the volume of external fluid is about one-fifth of that of the axoplasm. 
Leakage might raise the potassium concentration in the external fluid but it 
could hardly make it greater than one-fifth of that in the axoplasm. The total 
quantity of “K in the external fluid should therefore have been less than 4°, 
of that in the axis cylinder. This conclusion was confirmed by the observation 
that not more than about 5% of the total radioactivity of the nerve and 
external fluid could be removed by washing with sea water for a few minutes. 
This amount of “*K would only have to be taken into account if the observed 
mobility were very much less than that in the external fluid. In fact the 
average mobility was about 90% of that in sea water (see p. 520) so that 
movement in the external fluid may safely be ignored. Qualitative evidence 
for this conclusion was obtained in a preliminary experiment which showed 
that “K moved towards the cathode in a fibre which was washed intermittently 
by wiping a drop of sea water along the fibre in the opposite direction. 


DISCUSSION 


The experiments described here allow the behaviour of potassium ions inside 
a nerve fibre to be compared with that in free solution. The first point to be 
examined is the relation between the mobility (u) and the diffusion coeffi- 
cient (D). In a dilute solution (Nernst, 1923; Glasstone, Laidler & Eyring, 
1941) the diffusion coefficient should be given by : 
D=(RT/Z,F) u, 

where Z, is the valency of the ion, and R, T and F have their usual significance. 
If potassium exists as a free ion Z, should be +1 so that D=u x 0-025 V. The 
value of D found by the first and possibly more reliable method is 1-30 x-10-° 
em?®/sec that found by the second is 1-73x10-* cm?/sec 
(s.x. = 0-24). Neither value is significantly different from the theoretical value 
of 1-22 x 10-5cem?*/sec (s.z.=0-05) predicted from the observed mean value 
of u (4-87 x 10-*cm* sec"! V-1, s.z.=0-2). 

The values of w and D for axoplasm are evidently ins to those in an 
aqueous solution of the same concentration. The equivalent conductivity of 
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0-5m-KCl is 102-41 mhocm*mole- at 18° C (Landolt-Bérnstein, 1923) and 
the potassium transference number is 0-49 (MacInnes, 1939). The mobility is 
therefore 0-49 x 102-41/96,500 =5-2 x 10-*cm*sec~V-1. We do not know of 
any accurate measurements of the self diffusion coefficient of K in KCl but 
it should be fairly close to the diffusion coefficient of KCl which is 1-5 x 10-° 
cm?*/sec in an 0-5m solution at 18° C (Landolt-Bérnstein, 1931). Our measure- 
ments therefore suggest that the “K which enters an axon exists in the axo- 
plasm in much the same state as in an 0-5m-KCl solution. This does not prove 
that all the potassium inside the nerve consists of free ions since an appreciable 
fraction of the potassium might be bound so firmly that it is unable to exchange 
with the radioactive potassium which enters the fibre. A suggestion of this 
kind has been made for the squid axon by Rothenberg (1950), but his argument 
is open to the objection that constancy of total internal potassium in fibres 
soaked for different periods was assumed but not established by chemical 
analysis (see Keynes & Lewis, 1951a). In an earlier paper (Keynes, 1951) an 
experiment was described which suggested that at least 85% of the potassium 
in Sepia axoplasm was free to exchange with “K in the external solution. 
This experiment has now been repeated a number of times in a slightly 
modified form. As before, axons were first soaked in radioactive sea water for 
a period of about 3 hr, short counts being taken at hourly intervals to measure 
the rate of gain of “*K. When an appreciable proportion of the potassium had 
been exchanged, the axons were transferred to inactive sea water, and counted 
for a further hour to measure the rate of loss of “K. The modifications con- 
sisted in using solutions containing extra potassium, so as to increase the 
exchange rate, and in determining the actual potassium content of each axon 
at the end of the experiment by activation analysis (Keynes & Lewis, 19515). 
In nine experiments where the potassium concentration was five times normal 
(51-5 mm), done at a mean temperature of 18° C, an average of 55% of the 
total intracellular potassium was exchanged in the first 3 hr. Only part of the 
potassium in the axoplasm could have exchanged in this limited time, but 
from the ratio of rate of gain to rate of loss of “K at the moment of removal 
to inactive sea water, and the ratio of potassium influx to potassium outflux, 
both of which were measured fairly reliably in the course of the experiment, 
it was possible to calculate the level towards which exchange was proceeding 
(Keynes, 1951, equation 3). It was thus found that the average content of 
exchangeable potassium corresponded to 100 + 6% (8.8. of mean) of the total 
potassium present. Three similar experiments at 13° C in which the external 
potassium concentration was 20-6 mm gave an exchange of 14%, in the first 
3 hr, and a calculated free potassium content of 80+ 13 %. 

Although these experiments still do not rule out the possibility that a small 
fraction ‘of the internal potassium might in some way be tightly bound, they 
provide satisfactory confirmation that the proportion of potassium in the 
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’ gxoplasm which is not free to exchange cannot be higher than about 10% of 

the total. Since the potassium which is free to exchange has nearly the same 
mobility as in free solution it is legitimate to conclude that the bulk of potas- 
sium inside an axon exists as free ions. 

The data in Table 1 allow an estimate to be made of the contribution of 
potassium ions to the total conductance of the axoplasm. According to 
Weidmann (1951) the ratio of external to internal resistance is about 1-9 in 
cleaned Sepia axons immersed in oil. If this ratio is assumed, the resistivity of 
axoplasm can be calculated from the figures for voltage gradient, current and 
axon diameter. The average value obtained in this way was 46 Qcm at a 
temperature of 18° C. Weidmann obtained 63 Qem at 11-17° C but points out 
that this value may have been too large because the interpolar distance was not 
infinite as assumed in the analysis. We shall therefore take 46 Qcm as a basis 
for calculation. The potassium concentration of the fibres in Table 1 was 
probably about 300 m.mole/|. axoplasm (Keynes & Lewis, 19515) so that the 
conductance due to potassium ions may reasonably be taken as 


300 x 10-* x 4-87 x 10-* x 96,500 mho/cm = 0-0141 m.mho/cm = (71 Qcm)-. 


The calculation indicates that potassium ions account for 60-70% of the 
axoplasm conductivity, or—to be more precise—that the transport number of 
potassium in axoplasm is 0-6-0-7. 


SUMMARY 


1. The mobility and diffusion coefficient of potassium ions in axoplasm were 
measured by studying the movements of “K which had been allowed to 
accumulate in a short length of a giant axon from Sepia officinalis. 

2. The distribution of “K at various times agreed with equations based on 
the assumption that these ions are free to move under the influences of 
diffusion and the electric field. 

3. At 18°C the average mobility was 4-9 x 10-*cm*sec-!V-", while the 
average diffusion coefficient was about 1-5 x 10-5cm*sec-!. These values are 
close to those for an 0-5m-KCl solution. 

4. A separate set of experiments in which axons were soaked in solutions 
containing “*K and subsequently analysed indicated that at least 90% of the 
potassium was free to exchange. 

We wish to express our gratitude to the Rockefeller Foundation for financial assistance, and 
to Mr A. F. Huxley for the helpful suggestions mentioned in the theoretical section. 
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Iron storage in the adrenal cortex and medulla and cortical cell 
damage following the administration of different iron prepara- 
tions. By J. A. Nissim. Department of Pharmacology, Guy’s Hospital 
Medical School 

The adrenal cortex showed selective uptake of iron in experimental siderosis 

with saccharated iron oxide. This preparation was administered intravenously 

in most animals, though a few received their injections subcutaneously, and 
the total iron administered was up to 2-16 g Fe/kg in the mouse, 1-0 g Fe/kg in 
the rat, and 0-55 g Fe/kg in the rabbit. The epithelial cells of the cortex 
showed heavy iron staining in all animals, but there were marked species 
differences in the pattern of distribution of the iron. In the mouse, the heaviest 
iron deposit was in the cells of the zona reticularis and inner fasciculata, then 
the glomerulosa, and lastly in the outer fasciculata, whilst in the rat the iron 
was deposited heavily in the reticularis, then in the junctional zone of the 
glomerulosa and outer fasciculata. In both species the distribution of iron in 
the gland showed the same pattern as that of ascorbic acid. In prolonged 
siderosis in the mouse, a few intranuclear iron bodies, similar to those described 
by Cappell (1930) and Lauda & Haam (1925) in the liver, were seen in the zona 
reticularis, but there was no cellular damage in spite of the heavy iron deposit. 

In rabbits receiving saccharated iron oxide, the iron was concentrated in the 
_ gona reticularis and inner fasciculata, and faded gradually in the outer 

fasciculata and glomerularis. Similar distribution was noted in guinea-pigs 
receiving as little as 0-10 g Fe/kg. In the last species, however, the uptake of 
iron was patchy, some cells staining heavily, whilst neighbouring cells 
temained practically unstained, the relative proportion of the two types of 
cells being roughly equal. 

The medulla, on the other hand, remained invariably free from iron in all 
species following saccharated iron oxide. 

Guinea-pigs given repeated subcutaneous injections of the diffusible iron 
preparation ‘ferric hydroxide ferrous ascorbate’ (Nissim, 1949) showed very 


little iron in the cortex and none in the medulla. The cortex, however, showed 
a 
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marked cellular necrosis which was sometimes associated with large 
haemorrhages. The cytoplasm of the cells presented a blurred, moth-eaten 
appearance, and contained scattered nuclear debris. The nuclei showed the 
classical triad of pyknosis, karyolysis and karyorrhexis. It appears possible 
that the iron in ‘ferric hydroxide ferrous ascorbate’, being already joined to 
ascorbic acid, failed to be fixed by the cells of the adrenal cortex, yet its 
cireulation in that form interfered with the normal functioning of the cells, 
perhaps by substrate competition with ascorbic acid for some essential enzyme. 

Rabbits and guinea-pigs receiving repeated subcutaneous injections up to 
a total of 1-35g Fe/kg of another diffusible iron preparation, viz. ferric 
chloride caramelate, showed no cellular damage in the adrenal cortex. The 
iron, however, was markedly taken up by the adrenal medulla, in contrast to 
both of the above preparations. Similarly, ‘ferric hydroxide ferrous ascorbate ’, 
which had been allowed to stand for a few months until it became completely 
oxidized to the ferric form, was taken up selectively by the cells of the adrenal 
medulla. With the exception of Polson (1933), all previous workers on experi- 
mental siderosis reported iron uptake by the cortex, never in the medulla. 
Polson’s isolated finding in rabbits therefore remained unexplained. This 
worker used dialysed iron, though the exact nature of the preparation is not 
known. It appears from the present work that the effect produced by the 
different iron preparations, as well as the fate of iron regarding its fixation 
by the cells of the adrenal cortex or medulla, depend on the nature of the whole 
molecule of the injected preparation. 
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Apparatus for determining pressure-volume diagrams of the 
lungs in the live animal. By L. Bernstein. Department of Physiology, 
The London Hospital Medical College, London, E. 1 


The lungs of the animal are inflated by positive pressure from a calibrated 
all-glass syringe via a tracheal cannula. Interchangeable syringes of 20 and 
100 ml. capacity can be used. The pressure gradient between the lungs and the 
outside air is measured with a simple capacitance manometer, recording by 
deflexion of one beam of a double-beam cathode-ray oscilloscope. The volume 
of air introduced into the respiratory cavities can be read directly from the 
syringe for static measurements and can also be recorded electrically, for 
dynamic measurements, by means of a sliding resistance coupled to the syringe 
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n. This feeds to the second oscilloscope beam an a.c. deflecting voltage 
whose amplitude is proportional to the displacement of the syringe piston. 
The syringe piston can be driven in simple harmonic motion from the 
eccentric of a ‘Palmer’ respiration pump, so that the syringe delivers a nearly 
sinusoidal airflow. A second eccentric mounted in phase quadrature with the 
driving eccentric then operates the sliding resistance so that the amplitude of 
the a.c. voltage fed to the oscilloscope varies with the rate of airflow (which is 
90° out of phase with the piston displacement). Simultaneous photographic 
records of airflow and intratracheal pressure permit the measurement of the 
phase angle (#) between these quantities, from which the relative contributions 
of elastic (Z), and viscous (V) components to the total hindrance can be calcu- 
lated by means of the relation 
=tan 0. 


This solution is simpler than that given by Bayliss & Robertson (1939). 
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A spirometer which can be used at high respiratory rates. By 
L. BeRNsTEIN and D. MENDEL. Department of Physiology, The London 
Hospital Medical College, London, E. 1. 


Spirometers were designed and used originally for the measurement of metabolic 
rate or such respiratory constants as vital capacity. Such measurements are 
made at low rates of respiration—up to about 40 respirations per minute 
(R.P.M.)—or with single inspiratory or expiratory efforts. There has been no 
reason to suspect the accuracy of records made under these conditions. 

Since Hermannsen (1933) described the maximum breathing capacity 
(M.B.C.) test, as a test of respiratory function, many investigators have used 
spirometers to record tidal air at considerably higher respiratory rates than 
those for which they were designed. D’Silva & Mendel (1950), when studying 
subjects breathing at respiratory rates higher than 55 R.P.m., observed that 
water was aspirated from the spirometer, and they therefore suggested that 
records made at such rates might be grossly inaccurate. Bernstein & Mendel 
(1951) analysed the inaccuracies of a conventional B.M.R. spirometer (Knipping 
type) when used for M.B.c. estimations, and demonstrated that the inertia 
of the moving parts causes pressure changes in the contained gas. These 
pressure changes set into motion the water in the water-jacket and this then 
tends to oscillate at a frequency determined by the length of the water column. 
At certain respiratory rates, usually above 40 R.P.M., resonance phenomena 


occur, 
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The spirometer demonstrated has been designed to overcome these defects. 
The inertia of the moving parts has been kept as low as possible: (1) by the 
use of a light aluminium bell whose cross-section gives nearly the optimum 
weight/volume ratio; (2) by the replacement of the compensated counter- 
balance with a simple light uncompensated one; and (3) by the use of low 
friction pulleys of small moment of inertia. The tendency of the water to 
oscillate has been reduced: (1) by making the water-jacket short, 80 that the 
resonant frequency is above the range of respiratory rates at which recordings 
are to be made; and (2) by introducing damping by making the inner annular 
tadius of the water-jacket much less than the outer. 


343 
New design Knipping type 


All dimensions are in cm. 
Fig. 1. The dimensions of the new spirometer compared with those of a Knipping spirometer. 


With these modifications the spirometer will record satisfactorily respira- 
tion at rates up to 100 R.P.M. 

This spirometer has been used by Bernstein, D’Silva & Mendel (1952) to 
investigate the optimum conditions for the performance of the M.B.c. test. 
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Porphyrins from the urine of rabbits exposed to lead. By A. Comrort 
and M. WeaTHERALL. Department of Pharmacology, London Hospital 
Medical College, London, E. 1 

The urine of rabbits treated with lead contains several other porphyrins 
besides the well-known coproporphyrin III. Porphyrins probably containing 
three- and six-carboxyl groups are detectable by paper chromatography of 
the ether-extracted and partially purified free porphyrins: these porphyrins 
are also demonstrable in normal rabbit urine. Additional fractions are found 
by chromatography on alumina columns and by paper chromatography of the 
methyl esters of porphyrins obtained from lead-treated animals. It seems 
likely that these fractions include two- and five-carboxyl porphyrins and that 
more than one type of some of these porphyrins may be present. 


Apparatus for studying ion movements. By R. Crezsz. Department 
of Physiology, The London Hospital Medical College, London, E. 1 


Conventional methods for using radioactive isotopes have been adapted for 
studying isolated mammalian tissues. 

The organ-bath containing the tissue, previously loaded with the isotope, 
is separated from the Geiger tube by a thin window made of ‘Perspex’ 
(polymethyl methacrylate resin) ; this is more convenient than mica, and gives 
comparable results. Several organ-baths are used for ‘soaking in’ experiments, 
constant temperature being maintained by means of water-jackets which form 
a closed circuit with a pump and a large water-bath, which also serves to warm 
saline for ‘washing out’ experiments; equilibration with the appropriate 
0,-CO, gas mixture is checked by means of a glass electrode. 

Using muscle tissue, ion movements can be studied under conditions in 
which the cell potassium has normal values, and is in net equilibrium with the 
environment. 


The application of collagenase and hyaluronidase to the study 
of cartilage in histological sections. By H. T. Fawns and J. W. 
LaNnDELLS. Biochemistry Department and Bernhard Baron Institute of 
Pathology, The London Hospital and Medical College, London, E. 1 


Cartilage is now known to consist mainly of a complex of chondrin (a poly- 
saccharide composed of glycuronic acid, amino sugars and sulphate—i.e. 


a mucopolysaccharide) with a protein, collagen (Kellgren, 1952). 


The use of enzymes which will digest these two components differentially 
from histological sections, followed by staining methods specific for these two 
substances, provides a convenient method of studying their relationship to 
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each other, and of determining the relative amounts of each present in normal 
and pathological material. 

Hyaluronidase (‘Hyalase’, Benger) digests the chondrin, while collagenase 
(x-toxin from Clostridium welchii culture filtrates, purified by the method of 
Bidwell & Van Heyningen (1948)) digests collagen and/or gelatin but has 
a negligible action on other proteins. 

The enzymes appear active against both fresh material obtained by cutting 
frozen sections, and sections cut from alcohol-fixed material. Formol fixation 
renders the tissues enzyme-resistant. The enzyme solution can be applied to 
the sections either by immersing the sections in staining pots containing the 
enzymes or by irrigating them under a cover-slip in a moist chamber. With the 
present technique, incubation periods up to 24 hr at 37° C are required to 
produce marked histological differences. Modifications aimed at cutting down 
the time factor are under investigation. 

The enzymes are removed by washing with water, or can be abruptly 
inhibited by 5 min exposure to 70% alcohol, and the subsequent staining 
methods applied are (1) toluidine blue and (2) McManus’s periodic acid/Schiff 
methods for mucopolysaccharide in high and low molecular aggregations 
respectively, and (3) Van Gieson’s method for collagen. | 

The initial experiments, demonstrated here, were performed on normal 
cartilage and illustrate the following points: 

Firstly, in the presence of chondrin, preliminary treatment with hyalase is 
necessary to render the collagen accessible to collagenase. The polysaccharide 
component thus appears to exert a protective action on the collagen component. 

Secondly, calcified cartilage is not attacked by either enzyme, or a combina- 
tion of both, unless pre-treated with hydrochloric acid to decalcify it. (3 min 
in N/10 HCl suffices.) Non-calcified cartilage is readily attacked without 
pretreatment. It is provisionally concluded that calcium exerts a protective 
action by fixing the chondrin onto the collagen, possibly entering into chemical 
combination with both. 
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The histochemistry of simple esterases. By G. H. Bourne and 
H. A. Maraty 


The histochemistry of succinic dehydrogenase. By G. URNE 
and H. A. Manaty 


The vascularization of the placentomes in the Cervidae. By W. J. 
Hamitton and R. J. Harrison 
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Polyethylene glycols as histological embedding agents. By A. E. W. 
MILES 


A technique for maintaining normal amounts of potassium in the 
perfused rat liver. By M. W. Nex 


A flame photometer with a photomultiplier tube as a sensitive 
measuring device. By M. W. Ne. 


Antidiuretic assays in rats. By A. Ursuta Parpor 


Conversion of D-methionine to L-methionine in isolated tissues. 
By Q. H. Grsson and D. H. Smyru. Department of Physiology, The 
University of Sheffield 

The possibility of conversion of p-methionine to L-methionine has been 

suggested by the feeding experiments of Jackson & Block (1932), and Bauer 

& Berg (1943), but direct evidence of the conversion has not been obtained. 

The following experiments were performed to test the possibility of this 

conversion in various tissues. 

D-Methionine (16mole/cup), labelled with ag, was incubated in four 
Warburg cups with rat kidney slices (about 200 mg/cup) at 38°. One pair of 
cups contained also the corresponding keto acid. After 1 hr the contents of 
each pair were pooled, and divided into two fractions. One fraction of each 
pair was incubated with Newrospora oxidase which attacks only L-amino-acids. 
The same amount of keto acid was now added to the two other fractions, and 
to all four was added 2-4-dinitrophenylhydrazine and the radioactivity of the 


__ precipitated hydrazone measured. The results are expressed in specific activity 


of the phenylhydrazone in counts/min, the maximum possible activity if all 
the labelled p-methionine had been converted to keto acid being 9030. 


a-keto acid present during incubation a-keto acid absent 
Neurospora L-amino-acid Neurospora L-amino-acid 
treated Untreated synthesized treated Untreated synthesized 
4480 3610 870 4600 1330 3270 


In addition to demonstrating synthesis of L-amino-acid the results also 
suggest that the keto acid is an intermediate in the conversion of the pD- to 
L-isomer. 

The synthesis of t-methionine was confirmed in another type of experiment. 
After incubating labelled p-methionine with liver slices, the keto acid formed 
was precipitated with 2-4-dinitrophenylhydrazine. The supernatant was 
extracted with ether to remove any remaining phenylhydrazine and phenyl- 
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Neurospora. To both fractions was now added some unlabelled keto acid to act 
as carrier, the solutions precipitated with 2-4-dinitrophenylhydrazine and the 
activity estimated. The maximum possible activity if all the D-methionine 
were converted to L was 4350. The fraction treated with Neurospora (indicating 
t-methionine synthesized) had a radioactivity of 300 while the untreated 
fraction had no radioactivity. Control experiments showed that the labelled 
p-methionine used contained less than 1%, t-methionine. 
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Nerve impulses from proprioceptors in the knee joint of the cat. 
By I. A. Born. Institute of Physiology, University of Glasgow 

Impulses were recorded from subdivisions of the posterior articular nerve to 

theknee joint (a branch of the posterior tibial nerve), during various movements 

of the joint. 
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Fig. 1. The responses of a single end organ in the posterior part of the capsule of the knee joint 
of a cat during flexion at a constant rate of 10°/sec through three different angles: A, 10°; 
O, 12°; @, 14°. The upper curves show the frequencies of the impulses, the lower ones the 
angular displacements from a position of 132° of extension where this end organ did not 


Most of the impulses appear to arise in one type of end 
organ, the frequency 
of discharge depending on the position of the joint. On changing the position 
the change in discharge frequency is exaggerated to a degree dependent on the 
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tate of movement. In the new position the frequency adapts slowly to a steady 
yalue which is constant for that particular position. It will be seen from Fig. 1, 
which shows three different displacements at the same rate, that the peak 
frequencies lie on the same curve but that, when movement ceases, the dis- 
charges adapt towards different steady frequencies. If the frequency during 
adaptation falls below about 10/sec, then the discharge is apt to cease alto- 
gether. If it remains above this level it continues indefinitely. This may give 
the appearance of a spontaneous discharge when the nerve twig is first placed 
on the electrodes. 

In almost every case an ending, whose behaviour on movement has been 
studied, can be localized with a probe in a circumscribed area of the joint 
capsule, the end organ discharging on pressure over it, or, better, on slight 
traction on that paxt of the capsule. This leaves no doubt that the endings 
responsible for the impulses are actually within, or close to, the capsule, and 
are not situated in neighbouring structures. 

A comprehensive system of such nerve endings could provide accurate 
information concerning the position of a joint and of the rate of its movement. 


Estimation of the effects of changes of respiration in the human 
subject by reproduction of the respiratory pattern. By A. C. 
Dornuorst and R. F. Wuexan. Department of Medicine and the 
Sherrington School of Physiology, St Thomas’s Hospital, London 

If a procedure causes both respiratory and other effects one may be uncertain 

to what extent the latter may be secondary to the changes in respiration. If 

the respiratory pattern can be reproduced the amount of its contribution can 
be assessed. By recording the respiratory movements on a kymograph and 
subsequently ‘ playing-back’ the record in view of the subject it was found that 
he could very closely superimpose his current respiratory tracing on the previous 
one, thus matching the patterns. In this way the primary effects of respiratory 
changes could be examined. 

The method has been employed to demonstrate that the hyperventilation 
caused by intravenous adrenaline infusions is not responsible for the increases 
in muscle blood flow produced by this hormone. 


A comparison between the effects of adrenaline and noradrenaline 
on respiration in man. By R. F. WHELAN and I. Maureen Youns. 
Sherrington School of Physiology, St Thomas’s Hospital, London 

The stimulating action of small intravenous doses of adrenaline on respiration 

has been observed repeatedly in man and experimental animals. Intravenous 

noradrenaline was found by Reale, Kappert, Skoglund & Sutton (1950) to 
increase the rate and depth of respiration in man. 
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In the present investigation a comparison was made of the influence of 
adrenaline and noradrenaline on the respiratory pattern and gaseous exchange 
in normal human subjects. Both drugs stimulate the respiration to a comparable 
degree when given intravenously at a rate of 10-20 yg/min. 

There is an increase in tidal volume, in respiratory minute volume and, 
accompanying this, a fall in the alveolar CO,. The respiratory rate is usually, 
but not always, increased. The responses are characterized by the abrupt onset 
of the hyperpnoea and a gradual diminution of the effects during the infusion 

iod. 
The adrenaline infusions increased the oxygen consumption by an average 
of 32% (six experiments) while noradrenaline caused no consistent change. 
It is suggested therefore that the hyperventilation produced by adrenaline 
and noradrenaline is independent of any general increase in metabolic rate. 
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Another atrial receptor. By A. 8. Pamnrat. Department of Physiology, 


University of Edinburgh 
Afferent nerve fibres in the vagus which have been hitherto ascribed to endings 
in the small vessels of the lung on the basis of experiments on animals with 
closed chests (Whitteridge, 1948) have been reinvestigated in cats with opened 
chests. 


Fig. 1. A right atrial fibre. From above downwards, right venous pressure; e.c.g., lead 1; 
afferent impulses in a right atrial fibre; time in 75 sec. 


Single unit preparations were made which behaved in every way like the 
so-called pulmonary vascular receptors and showed only a late systolic volley 
of impulses. While the single unit preparations were still on the recording 
electrodes the chest was quickly opened and the site of the receptors determined 
by compressing the pulmonary artery or a.v. junction. This was confirmed 
finally, by injecting saline into the atrium after clamping the veins and 
a.v. junction. All the ten fibres so far encountered arose from endings in the 
right or left atria, not from the lungs. 
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These receptors differ from the venous receptors described by other investi- 
gators (Jarisch & Zotterman, 1948; Dickinson, 1950) in not having a burst of 
impulses corresponding to the a-wave of the venous pressure curve. 

It is suggested that the new atrial fibres signal volume rather than pressure 
in the atrium, the a-volley of impulses therefore being absent owing to the 
reduced atrial volume at that time. Some of these endings may be of the 
perimuscular type described by Nonidez (1937). 

It is probable that a high proportion of the endings previously thought to 
arise from the lungs do in fact arise from the right and left atria. 
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Vasopressor, antidiuretic and oxytocic activity of the hypothalamus. 
By Martue Voet 


The effect of carbon dioxide on the respiration of the full-term 
and premature infant. By K. W. Cross, J. M. D. Hoopsr and T. E. 
Oprt. Paediatric Unit and Physiology Department, St Mary’s Hospital, 
Medical School, London, W. 2 

Very different results have been obtained by various authors when they have 

given carbon dioxide to the newborn infant. With 5% CO, in oxygen Gibberd 

(1949) found no stimulation of respiration, while Howard & Bauer (1950) 

found an average increase in minute volume of 65%. Both these results are 

considerably at variance with the finding of Haldane & Priestley (1905) in the 
adult subject, who found a more than threefold increase of minute volume 


with this concentration of CO,. 
Significance 
Increase in deviation from 
No. of minute volume Standard control period 
observations (%) _ deviation P 
Premature 0-5% CO, 18 8-13 6-20 <0-001 
Full term 0-5% CO, 20 9-61 9-33 <0-001 
Premature 1% CO, 18 20-45 8-58 <0-001 
Full term 1% CO. 26 17-90 8-25 <0-001 
Premature 2% 19 51-54 45-72 <0-001 
Full term 2% CO, 22 62-84 33-31 <0-001 


We have examined 100 infants on 127 occasions at rest in the plethysmo- 
graph described previously (Cross, 1949), while they have received concentra- 


tions of 0-5, 1 and 2% CO, in air. At each of these concentrations both the 
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premature and full-term infants show a significant stimulation of respiration 
for the last 4 min of the 5 min test period. The increase in minute volume 
appears to be maximal by the fourth minute, and Table 1 shows the results 
obtained by averaging the results of the fourth and fifth minutes. 

There is no significant difference between the premature and full-term 
infants in the degree of stimulation obtained at any particular level of CO, 
administration, nor is there a systematic trend. : 

Compared with adult human subjects (Shock & Soley, 1940), at both the 
1 and 2% CO, concentrations the infants (regarded as a homogeneous group) 
are significantly more stimulated. Peabody (1915) demonstrated that acidotic 
human subjects were more sensitive to CO, than normals. But since the 
premature is considerably more acidotic than the full-term infant (Smith, 
1951, gives bibliography), and the results reported here do not suggest that 
the premature infant is more sensitive than the full-term infant to CO,, it is 
not thought likely that the greater sensitivity of the infant to CO, can be 
explained on this basis. 
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The mechanisms of acute toxicity of different iron preparations. 
By J. A. Nissim. Department of Pharmacology, Guy’s Hospital Medical 
School 


The mechanisms of acute toxicity of iron are complex, and the predominant 
factor in the causation of death in animals is different with many preparations. 
This may be considered under four headings: 

(a) Precipitation. This is a major factor in the toxicity of a number of iron 
preparations and the type of precipitation is of direct importance in the toxicity 
of the compound. Iron precipitation may take place with or without the 
plasma proteins, and may be abrupt or gradual, fine or flocculent. 
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(6) Anticoagulant activity. This leads to pulmonary haemorrhages, an effect 
most marked with ferric glucosate and ‘ferrous chloride ascorbate’. 
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(c) Capillary injury. This is the chief toxic effect after ‘ferric chloride 
lactate’ and ‘ferric hydroxide ferrous ascorbate’ and results in pulmonary 
oedema. When associated with anticoagulant effect, it renders the consequences 
of the latter far more serious. 

(d) Biochemical interference in vital metabolic reactions. Iron compounds 
which do not produce death by the above three effects appear to kill by 
biochemical interference with the vital processes of the tissues. This group 
forms a heterogeneous mixture of compounds varying in valency, renal 
excretion, diffusibility and toxicity. Some preparations such as dilute ferric 
chloride, ferrous sulphate and ‘ferric chloride caramelate’ produce death 
without leaving adequate histological evidence as to the mechanism involved. 
Others such as ferric ammonium citrate, neutral and alkaline ferrous ascorbate 
and ferric tartrate produce a variable degree of pulmonary oedema with 
haemorrhage, but the extent of this does not explain adequately the lethal 
effect. Among the symptoms and lesions encountered in this group which 
appear to be indicative of metabolic poisoning of enzymes are the following: 

(1) Liver injury (Nissim, 1952) seen after ‘ferric hydroxide ferrous ascor- 
bate’, ‘ferric chloride lactate’ and ferric tartrate. 

(2) Damage to cells of the adrenal cortex with or without haemorrhage seen 
after repeated doses of ‘ferric hydroxide ferrous ascorbate’. 

(3) A syndrome of hyperaesthesia and spastic diplegia affecting the hind 
limbs seen after single large doses of ‘ferric hydroxide ferrous ascorbate’. 


REFERENCE 
Nissim, J. A. (1952). J. Physiol. 117, 66 P. 


Observations on the zinc in the eggs of the domestic hen. By 
R. Tupper, R. W. E. Warts and A. Departments of Bio- 
chemistry and Physiology, The Medical College of St Bartholomew’s Hospital, 
London 


The elimination of zinc in hens’ eggs has been studied by the use of the 
radioactive isotope of the element (Zn). After a single intramuscular injec- 
tion of Zn, in the form of a neutral zinc-glycine complex, the isotope appeared 
selectively in the egg yolk. Chemical investigation of these yolks has been 
reported elsewhere (Tupper, Watts & Wormall, 1952). 

Evidence has been obtained that zinc is incorporated into the developing 
yolk only while the latter is attached to the ovary. Further study of several 
series of incompletely formed yolks has confirmed that once the zinc has 
become incorporated into the developing yolk it does not ‘exchange’ in vivo. 
This finding supports the conclusion, drawn from previous in vitro experiments, 
that the yolk zinc is relatively firmly bound. It appears that zinc is incor- 
porated in the yolk at a fairly uniform rate as the yolk grows. 
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The total amount of Zn, eliminated in all the eggs laid by an injected bird, 
represented an appreciable fraction of the injected isotope (about 20% in 
37 days in the longest series studied, and eggs laid at the end of this period still 
contained about one-third as much ®Zn as did the earliest eggs in the series). 
These observations emphasize the probable importance of this metabolic 
pathway for zinc in the laying hen. 


REFERENCE 
Tupper, R., Watts, R. W. E. & Wormall, A. (1952). Proc. 2nd int. biochem. Congr. p. 65. 


Vascular responses in the isolated ear of the rabbit. By I. D. 
Fereuson and N. Levinson. Institute of Physiology, Unwersity of 
Glasgow 

During perfusion of the blood vessels of the isolated ear of the rabbit with 

Tyrode’s fluid at constant pressure, a decrease in the temperature of the 

perfusion fluid from 38 to 16° C was shown to cause a more rapid rate of 

inflow and a decreased rate of formation of oedema (Ferguson & Levinson, 

1952). These results might be attributed to different values of ‘interstitial 

pressure’ (McMaster, 1946), to different values of pressure drop across the 

cannula or to alteration in the vascular pattern. | 

It was possible that at the lower temperature the lower ‘interstitial pressure’, 
due to the decreased rate of oedema formation, was a main factor in the 
production of the more rapid rate of inflow. However, measurement of the 
‘interstitial pressure’ lent little support to this concept. 

It was also considered possible that at the higher temperature the increased 
downstream pressure, due to the decreased rate of inflow through the cannula, 
was a main factor in the production of the increased rate of oedema formation. 
At either temperature, increase in the downstream pressure increased both the 
rate of inflow and the rate of oedema formation. However, an increase in the 
temperature of the perfusion fluid from 16 to 38° C at the same downstream 
pressure still caused a slower rate of inflow and an increased rate of oedema 
formation. 

It is suggested that in the isolated ear of the rabbit, a decrease in the tempera- 
ture of the perfusion fluid from 38 to 16° C results in an alteration in the 
vascular pattern. It may be that the fluid is partially diverted from the 
capillaries through vessels of larger calibre, such as arteriovenous anastomoses. 

We are indebted to the Rankin Research Fund of the University of Glasgow for a grant to cover 
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The relation between rate and direction of air-flow and the 
viscous hindrance to lung ventilation. By L. Bzrnstem. 
Department of Physiology, London Hospital Medical College, London, E. 1 

If the lungs of an animal are inflated by means of a pump whose piston 
moves in simple harmonic motion, the curve in time of the rate of air-flow is 
@ sine wave leading by 90° the curve of piston displacement. The curve of 
intratracheal pressure is approximately sinusoidal and lags behind that of 
air-flow by a phase angle depending on the ratio of the viscous and elastic 
components of hindrance to ventilation. 

The graph relating air-flow to pressure is an inclined ellipse. This tends to 
an inclined straight line when the phase angle tends to 0° and to an upright 
éllipse when the phase angle tends to 90°. Bayliss & Robertson (1939), 
_ working with cats, and recording pump displacement and intratracheal 
pressure in this way, noted that the curve was never a true ellipse, and 
commented, ‘. . .it is clear that we are not dealing with a simple visco-elastic 
system’. It is easier to analyse the nature, and determine the possible 
causation, of the distortion if their records are transformed to show air-flow 
and pressure as simultaneous sine waves in time. It is then clear that the. 
phase of falling intratracheal pressure is of shorter duration than the rising 
phase. Similar distortion of the sine wave-form is shown in records by Dean 
& Visscher (1941). 

Observations were made on anaesthetized, curarized rabbits under artificial 
respiration (urethane anaesthesia plus p-tubocurarine chloride 0-5 mg/kg body 
weight). The lungs were ventilated for short periods in a closed circuit by 
means of a pump delivering a ‘sine wave’ air-flow. The air-flow and intra- 
tracheal pressure were recorded electrically. At low tidal air volumes the 
intratracheal pressure curve was nearly a true sine wave. As the tidal air was 
increased the pressure curve became progressively less sinusoidal, the phase 
of falling pressure becoming of shorter duration than the rising phase. This 
suggests that the relation of the intratracheal pressure to the rate of air-flow 
is a non-linear one, and that, except at low rates of flow, the viscous component 
of hindrance is greater for air leaving than for air entering the lungs. This 
non-linearity is present when the thoracic cage is opened and widely resected. 
It is therefore not due to the weight or to the tissue viscosity of the thoracic 
cage. It is not clear whether it is due to non-uniform lung tissue viscosity or 
to non-uniform gas hindrance in the respiratory passages. 
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Effects of carbon dioxide on muscle. By R. Crezse. Department of 


Physiology, The London Hospital Medical College, London, E. 1 

Isolated slips of rat diaphragm retain their potassium provided they are 
immersed in bicarbonate-saline resembling a plasma ultra-filtrate in composi- 
tion. A change in CO, tension may be used to alter the potassium content, 
high CO, tension causing a reversible loss of potassium from the muscle until 

a fresh steady state is reached. 
- This may be correlated with the performance of the muscle; raised CO, 
tension produces an initial rapid fall in contraction height, followed after an 
interval by a secondary depression which continues for several hours, this 
being presumably associated with lowered intracellular potassium. Isometric 
recording with a crystal myograph gives similar results. The effects are 
reversible. 

The immediate action of carbon dioxide is reversed after physostigmine: 
a raised CO, tension increases the response of eserinized muscle to stimulation. 
A fall in CO, tension has an anti-curare action, as seen by recording end-plate 
potentials. 


Antidiuretic activity of extracts of the pituitary glands of lead- 
poisoned rats. By A. Ursuta Parpor and M. WeaTHERaLL. Depart- 
ment of Pharmacology, The London Hospital Medical College, London, E. 1 

Nicotine delays diuresis considerably more in lead-poisoned rats than in normal 

rats. Among possible factors concerned in the increased response is a greater 

formation and liberation of antidiuretic hormone in the pituitary gland. The 
amount of antidiuretic activity in saline extracts of the pituitary glands of 
rats poisoned with lead acetate and of controls treated with sodium acetate 
has therefore been assayed by intravenous injection into rabbits and sometimes 
into rats. The pituitary glands of the lead-poisoned rats nearly always had 
more antidiuretic activity than the controls (average 540 compared with 

420 milliunits per 100 g body weight) and the mean difference was statistically 

significant (t= 4-275, P<0-01). Differences in body weight were small and did 

not account for these differences. 

The increase in antidiuretic activity is comparable in magnitude to that 
seen in rats which have been dehydrated for forty-eight hours (Ames & Van 

Dyke, 1950). Its occurrence in lead poisoning may represent a direct effect on 


the cells of the hypophysis or be secondary to changes in water metabolism 
elsewhere in the body (Pardoe & Weatherall, 1952). 
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The vasodilator response of rabbit's skin to ultra-violet light. 
By M. W. Partineton. Department of Physiology, The London Hospital 
Medical College, London, E. 1 

The shaved bellies of rabbits were irradiated with ultra-violet light from 
a water-cooled, mercury-vapour lamp (Kromayer) at contact range for varying 
periods of time (2 to 60sec). It was found that the localized vasodilatation 
that followed was similar to that seen in man. The response differed from that 
in human skin in that the latent period between irradiation and the appearance 
of redness was between 30 and 40 hr rather than 3—4 hr, and that during this 
period the skin became oedematous. The intravenous injection of trypan blue 
during the latent period resulted in the accumulation of dye in the irradiated 
areas long before any other visible change appeared. 

Lewis (1927) explained the vasodilator response of the skin to ultra-violet 
light by assuming that H-substance or histamine was liberated continuously 
in low concentration from the damaged epithelial cells. However, it is known 
that histamine does not produce a wheal in rabbit’s skin (Darsie, Perry, 
Rosenfield & Zaro, 1945). In the present experiments no red reaction or triple 
response was obtained in the skin of the rabbit’s leg (with or without circula- 
tory occlusion) or belly by the intradermal injection (in 0-1 ml.) of histamine 
in serial dilutions from 1: 100 to 1: 1,000,000, or the histamine-liberating 
substances morphine, pethidine and compound 48/80. 

The intradermal injection of histamine does produce a blue spot in the 
trypan blue test. This may be prevented by pretreatment of the rabbit with 
mepyramine, if the concentration of histamine injected is less than 1 : 2000 
(Last & Loew, 1947). The accumulation of dye in skin exposed to ultra-violet 
light, however, was not altered if the rabbit was given mepyramine (10 mg/kg 
subcutaneously) 4-hourly from before the time of irradiation. 

The foregoing observations are not consistent with the view that histamine 
is the vasodilator substance liberated in the skin following exposure to 


ultra-violet light. 
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Changes in fluid balance produced by varying the salt intake of 
adrenalectomized rats. By D. W. Smits. Physiology Department, 
The London Hospital Medical College, London, E. 1 

When completely adrenalectomized rats of about 150g are given saline 
solution (1°46 % NaCl, 0-42°% NaHCO,) in place of water to drink, they usually 
gain weight. On replacing saline by water they lose weight rather rapidly. 


7 
bad 


18P PROCEEDINGS OF THE PHYSIOLOGICAL 


This loss in weight does not occur in control animals with intact adrenals, or 
in animals which have been submitted to bilateral partial adrenalectomy or to 
a sham operation, nor does it occur in adrenalectomized rats in which accessory 
tissue has been demonstrated histologically. Indeed this fall in weight can be 
used to establish the adequacy of adrenalectomy in the rat. 

Since adrenalectomized animals show a marked absence of omental, peri-renal 
and subcutaneous fat even on a saline regimen, this loss of weight which 
amounts to 10% or more of the body weight in 2 or 3 days, cannot be due to 
utilization of fat. When saline is replaced by water as the drinking fluid both 
adrenalectomized and control rats show a sharp decrease in urine volume, but 
whereas controls show no reduction in food consumption and only 40% 
reduction in fluid intake, adrenalectomized rats show a 60% decrease in food 
consumption and a fall in fluid intake which is progressive and amounts to 
85% over the first 5 days. 

A tentative explanation for the reduction in urine volume in controls is 
suppression of adrenal cortical activity during the period of high salt intake. 
(Deane, Shaw & Greep, 1948). ; 
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The presence of inositol in the cerebrospinal fluid. By D. A. Nixon. 
Physiology Department, St Mary’s Hospital Medical School, London 
Inositol has been estimated microbiologically in the cerebrospinal fluid (c.s.f.) 
of several mammalian species and its presence confirmed chromatographically 
both by spraying and by microbiological detection. A constant finding has 
been that the concentration in the c.s.f. exceeds considerably that of the blood 

plasma. 
Simultaneous plasma and c.s.f. samples were obtained from seventeen 
‘normal’ individuals. These ‘normal’ subjects were actually ‘follow up’ cases 
attending a venereal disease clinic who were considered clinically and immuno- 
logically cured of syphilis. A highly significant correlation of c.s.f. inositol 
to plasma inositol was found (P<0-001). Plasma: mean 0-68 mg/100 ml., 
8.D. 0-20; c.s.f.: mean 2-7 mg/100 ml., s.p. 0-45. Mean c.s.f./plasma ratio 3-97. 
A further series of observations on twenty-three subjects having various 
clinical abnormalities gave a mean c.s.f. inositol concentration of 2-5 mg/100 ml. 
No consistent differences between the sexes were encountered. 
The c.s.f. inositol would appear to be mainly in the free form since in five 


— the combined inositol only amounted to some 6% of the total c.s.f. 
inositol. 
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Mean values in mg/100 ml. obtained in man and other species are shown in 
Table 1 (a). 


| 
Ratio 
No. of c.8.f, 
Species observations Plasma c.s.f, (or blood) 

(a) 
Man 17 0-68 2-7 3-97 
Monkey l 0-8 3-4 4:2 
Monkey 10 hr old 1 43 158 37 
Cat 5 3-2 (1*) za 2-6 
Sheep 4 1-4 7 5-2 
Goat 1 0-5* 6-7 13-4 
Rabbit 2 19 13-5 71 

(6) 

Foetal specimens 

Human (10-20 wks.) : 8-9 (2*) 4 +9 
Monkey (140 ? days) . 
Sheep (136 days) 1 28-0 65-6 2-3 
Goat (140 ? days) l 34-0* 192-0 5-6 


It has been shown that in several species foetal blood inositol exceeds that 
of the mother (Nixon, 1952); the foetal c.s.f. inositol is also elevated to give 
ac.s.f, concentration ratio resembling that of the adult as is seen in Table | (0). 

The significance of the high c.s.f. inositol is as yet undetermined. 


My thanks are due to Drs G. L. M. McElligott and F. J. G. Jefferiss and other members of the 
Medical Staff for providing samples of human c.s.f. and to the Medical Research Council whose 


grant to Prof. A. St G. Huggett defrayed some of the expenses. 
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A sensitive single-cell absorptiometer unaffected by voltage 
changes in current supply. By W. L. Barry, J. M. Peterson and 
A. L. Sms 


Mitotic activity in the gall bladder epithelium of the guinea-pig 
after ligation of the common bile duct. By F. Jacosy. Department 
of Anatomy, University College, Cardiff 


In the extensive literature which exists on the effects of the ligation of the 
common bile duct in experimental animals, attention, from the histological 
view point, seems to have been focused almost exclusively on the subsequent 
changes in the liver, whilst very surprisingly the gall bladder appears to have 
escaped any detailed investigation with regard to possible growth processes 
occurring in it. The only mention is that of Steinhaus in 1891, who has made 
passing reference to the presence of karyokinetic figures in its epithelium 
2-3 days after ligation. Generally speaking, mitotic proliferation of this 
epithelium has been considered as being of subordinate importance; thus 
Ferner (1949) and Bargmann (1951) state that cell replacement in it is mainly 
by means of amitosis. 

It was thought of great interest to study in detail the manner of the 
morphological response, at the microscopic level, of this organ to the unusual 
demands and stimulus consequent upon ligation of the common bile duct, and 
the work presented here deals with the manner, time course and rate of 
proliferation of its epithelium. . 

Guinea-pigs were used, as in this animal the rate of bile secretion from the 
liver is known to be particularly high, and gross distension of the gall bladder 
is a rapid and regular sequel to the operation. 

Serial transverse sections comprising the whole circumference of the gall 
bladder wall were cut at 6, and stained with Ehrlich’s haematoxylin and 
chromotrop. Counts were made of every fourth section, and in most instances 
ten such counts were made of each gall bladder. 

The results are summarized in Table 1. 
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Epithelial proliferation is exclusively by the process of mitosis. In the 
control gall bladders only few mitoses are found per section, and following 
ligation this normal low mitotic rate at first continues or may even be some- 
what depressed. At any rate, there is a latent period of from 14 to 24 hr 
before the ‘distending’ stimulus, directly or indirectly, calls for a vigorous 
outburst of mitotic activity. The length of this latent period has its counter- 
part in that of macrophages in vitro (Jacoby, 1937) and of liver cells after 
partial hepatectomy (Brues & Marble, 1937; Abercrombie & Harkness, 1951). 

Tasie 1. Time course of the mitotic activity in the gall-bladder epithelium of guinea-pigs 

after ligation of the common bile duct 
The bracketed figures in the heading indicate number of animals. 


Control Experimental animals; time (hr) after operation 
mitoses (6) 14(2) 24(4) 48(3) 72(2) 96(2) 120(3) 144(3) 
Total observed 641 22 6147 4579 1520 355 50* 6* 
Mean per transverse 10-7 2-2 250 153 169 37 17 2 
section of circum- 
ference 
Range 1-7-25-1 228-266 61-215 173,164 31,44 14-22 0-46 
Mean lom length 2-5 0-7 1 10-7 456 $07 
cut at 
Reage 0-9-5-8 61-76 24-86 43,45 


* Only single sections so far examined. 


The rate of mitotic activity between the first and second day after the day 
of operation is staggering, and the epithelial population becomes, in many 
parts, so crowded that it is arranged in several layers resembling, at places, 
transitional epithelium. 

From the fourth day there is a rapid decline in mitotic activity which, 
considering the cellular density, seems to fall below the normal rate. 

As a first approximation, the mitotic counts have, in the table, been related 
to 1 cm length of epithelium. It must, however, be realized that this does not 
take into account cellular density which increases rapidly after the first 24 hr. 
Therefore, the figures for mitoses on the 2nd and particularly the 3rd day are 
deceptively high. Some preliminary counts show that at 24 hr the frequency 
of mitoses per 100 resting nuclei may be as high as 6, but at 48 hr no more than 
3 in the most active specimen, and much less in others. 

This, in brief, is the course of events in what might be called ‘acute functional 
distension hyperplasia’ of the gall-bladder epithelium. 
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A modification of Masson’s trichrome stain which differentiates 
in colour between striated and smooth muscle. By B. Towsrs. 


Department of Anatomy, University College, Cardiff 
Masson's trichrome stain is commonly used for differentiating muscle and 


connective tissue. The standard text-books give the results as: nuclei mauve 
to black, cytoplasm varying shades of red and mauve, muscle red, collagen 


_ fibres green, no reference being made to the possibility of applying distinctive 


colours to different types of muscle. Van Gieson’s and Mallory’s connective 
tissue stains also give a uniform colour to all types of muscle. 
While using the Masson technique in the routine treatment of serial sections 


it was noticed that whereas striated muscle, whether skeletal or cardiac in 


type, was invariably stained bright red, smooth muscle was sometimes stained 


_ a purple colour. The development of a precise technique, designed to give 


a sharp colour contrast between these two types of muscle, was undertaken 
principally with a view to quantitative studies of their relative proportions 
and mutual relationship in regions containing mixtures of striated and smooth 
muscle fibres, as, for instance, in the oesophagus and in the walls of the pul- 
monary veins in some mammals. The method described permits clear-cut 
distinction to be made between groups of muscle fibres of each type, even 
when the magnification of a projected image is not great enough to show clearly 
their morphological differences. The method relies upon the apparently very 
great selective affinity of striated myofibrils for the Ponceau-acid fuchsin 
mixture, whereas smooth muscle (and the cytoplasm of other cells) can be 
made to give up this stain more readily and subsequently to take up and 
retain some of the light green. The final colours obtained are: nuclei blue- 
black, striated myofibrils bright red on a background of colourless sarcoplasm, 
smooth muscle fibres and other cytoplasm grey-purple, collagen fibres green. 

The best results have been obtained on paraffin sections of tissues fixed in 
Helly’s fluid, and it was on such sections that the method was elaborated. 
Preliminary attempts with tissues fixed in 5 % formol and in Bouin’s fluid 
indicate that the technique might be applied after their use but with some 
modification; the differential staining of different types of muscle has not as 
yet been successful with tissues fixed in Zenker-acetic or in alcoholic Bouin. 

Good even fixation of the tissue seems to be even more important with these 
dyes than with many others. 


Procedure. (1) Weigert’s iron haematoxylin 8 min; differentiate in pienie 
acid-alcohol and wash thoroughly in tap water. 

(2) Masson’s Ponceau-acid fuchsin mixture candituted) 5 min, followed by 
a rinse in distilled water. 

(3) Over-differentiate in 2 % acid (30 min or even much 
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(4) Without rinsing, stain for 20 min in 2 % light green made up in 1 %, 
acetic acid. ' 

(5) Short treatment with 1 % acetic acid. — 

(6) Differentiate in 90 % alcohol. 

(7) Dehydrate in absolute alcohol, clear in xylol and mount in Canada 
balsam. 

During stage (3) the connective tissue first becomes colourless and then may 
develop a brown tinge, while smooth muscle and the cytoplasm of other cells 
become paler and of an orange-red tint, distinct from the deep red colour of 
striated muscle. Stages (5) and (6) are crucial and must be controlled with the 
microscope; in acetic acid the green is lost rapidly from striated, more slowly 
from smooth muscle; in 90 °/ alcohol the last traces of green should be removed 
from striated muscle fibres, leaving their myofibrils a bright red colour which 
quickly loses intensity if this stage is prolonged beyond the critical point. 


The histochemical test for lipase. By B. F. Martin. Department of 
Anatomy, University College, Cardiff 

During histochemical studies on the distribution of lipase and/or esterase in 

the tissues of some common laboratory animals, employing Gomori’s (1951) 

Tween technique, I found that modifications of some of the technical steps 

lead to greater certainty in revealing the presence of the enzyme, and to better 

preservation of the preparations. | 

The first of these was suggested by the work of Ruyter & Neumann (1949), 
who claim to have obtained improved results in the histochemical test for 
alkaline phosphatase if the sections were not dewaxed before incubation in the 
substrate. When this procedure is adopted for the lipase technique, it can be 
shown that, in most instances, a very much stronger precipitate is obtained at 
the sites of lipase activity in sections which are introduced directly into the 
substrate without prior dewaxing than in those which are first dewaxed and 
then taken through descending grades of alcohol to water before incubation. 
Furthermore, in some cases, sections treated by this modification reveal sites 
of activity which are not evident in adjacent sections of the same tissue that 
are first dewaxed and incubated simultaneously with them. _ 

After incubation, the waxed sections are dealt with in the normal way; the 
presence of wax in no way precludes the introduction of a nuclear stain such 
as haematoxylin. | 

A second point relates to the very important final stages of clearing and 
mounting. Gomori has pointed out that xylol should be avoided as a clearing 
agent or as a solvent for the mounting medium, otherwise the precipitate 
fades. He advises clearing in tetrachloroethylene or gasoline and mounting in 
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clarite dissolved in these agents as solvents. His findings for xylol can be 
readily confirmed. Clarite, not being available in this country, could not be 
used, but when a clarite substitute dissolved in tetrachloroethylene was used, 
it was found that the precipitate frequently faded. This drawback can be 


" mitigated by mounting the sections from water in glycerine jelly. When 


wax sections are employed, it is of course necessary finally to remove the 
wax by taking the sections through ascending grades of alcohol to tetrachloro- 
ethylene, and then through descending grades of alcohol to water prior to 
their being mounted. This part of the procedure should be carried out as 
rapidly as possible in order to avoid some immediate fading of the precipitate 
which otherwise does occur. Sections mounted in this way frequently keep 
for many months without showing any fading of the precipitate. 

Finally, since artefacts due to diffusion do not seem to occur with this 
technique, there is advantage in prolonging the incubation of some of the 
sections of each series up to 48 hr, so that the likelihood of missing sites of 
weak enzyme activity is lessened. 7 

In this method, enzyme activity is revealed as a golden brown precipitate of 
lead sulphide, occurring in cytoplasm but never in nuclei, and with few 
exceptions (such as the contents of pancreatic ducts) is not met with in 
extracellular sites. 

The substrate mixture used throughout this work was that recommended 
in Methods in Medical Research (1951), employing Tween 40 and a 0-05 % 
barbital buffer. The malleate buffer originally recommended for the technique 
(Gomori, 1945) was found to have little or no buffering action (see also Lillie, 
1948, p. 111). 

REFERENCES 
Gomori, G. (1945). Proc. Soc. exp. Biol., N.Y., 58, 362. 
Gomori, G. (1951). In Methods in Medical Research, vol. 4, section 1. Chicago: The Yearbook 
Publishers, Inc. 
Lillie, R. D. (1948). Histopathologic Technic. Philadelphia and Toronto: The Blakiston Company. 
Ruyter, J. H. C. & Neumann, H. (1949). Biochim. biophys. acta, 3, 125. 


Uterine influence upon intrarenal blood distribution. By K. J. 
FRANKLIN 


Some pharmacological properties of a series of substituted ethy- 
lenediamines. By R. 8. Tonxs. Department of Pharmacology, Welsh 
National School of Medicine, Cardiff 

The compounds considered in this series are N-benzyl-(or ethyl)-N-1(or 

2)-naphthyl-N’-dimethyl-(or diethyl)-ethylenediamine. The synthesis of these 
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compounds has been reported by Chapman, James & Williams (1952). They 
are related, structurally, to the antihistamine compound mepyramine. 
Injected intraperitoneally in mice they are, at first, convulsants, lethal doses 
producing terminal depression. The antihistamine potency, as tested on the 
blood pressure of the anaesthetized cat and dog, the guinea-pig aerosol and 
the isolated guinea-pig ileum, is, in all cases, less than that of mepyramine. 
Relating structure to antihistamine activity in this series, it appears that the 
benzyl group is necessary, that the -N-1- derivatives are more active than the 
-N-2-, and that, the dimethy] are more active than the diethyl derivatives. The 
pressor respouse to adrenaline in the anaesthetized cat and dog is potentiated by 
all members of the series, except the N-ethyl-N-2-naphthyl-N’-dimethyl deri- 
vative, which, in the doses tested, exhibits an anti-adrenaline activity without 
a preliminary potentiation of the pressor response. The anti-adrenaline activity 
is most pronounced in this compound. All the compounds are active local 
anaesthetics, being more effective than cocaine for surface anaesthesia, in 


non-irritant concentrations, when tested on the rabbit cornea; they are also 


effective in producing intradermal anaesthesia in guinea-pigs. 

Cardiac and smooth muscle are depressed by the direct action of these 
compounds and there is. evidence of marked coronary dilatation in the 
isolated perfused cat heart. The blood pressure is temporarily depressed by 
their intravenous administration in the anaesthetized cat and dog and there 
is moderate stimulation of respiration. 

There is no evidence of atropine-like activity in this series and no analgesic 
activity in rats in non-toxic doses. 

REFERENCE 
Chapman, N. B., James, J. W. & Williams, J. F. A. (1952), J. chem. Soc, 4024-4026. 


Bromsulphalein removal rates in the cat and dog. By S. L. Stone. 
Institute of Physiology, Welsh National School of Medicine, Cardiff 


In recent years disodium phenoltetrabromphthalein disulphonate [Sulfobromo- 
phthalein sodium U.S.P. or Bromsulphalein (BSP)] has been employed by 
Bradley, Ingelfinger, Bradley & Curry (1945) in an attempt to determine the 
hepatic blood flow by an application of the Fick principle, and also by Mason, 
Hawley & Smith (1948) for determining the functional hepatic mass in the dog. 
These quantitative procedures can be justified only if the liver is the sole site of 
removal of the dye from the blood or if extra-hepatic sites can be saturated. 

Cohn, Levine & Streicher (1947) and Cohn, Levine & Kolinsky (1948) have 
found that the tissues of the dog, after removal of the abdominal viscera 
including liver and kidneys, can extract BSP from the blood. 
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Both the dog and the cat, similarly eviscerated, hepatectomized and 
nephrectomized, have been used in the present work on the rate of removal of 
BSP from the blood. The rate obtained for the cat is the same as that obtained 
by Cohn et al. for the dog, the concentration of the dye in arterial blood, 1 hr 
after its intravenous injection, being 45 °%, of that at 1 min after injection; 
but for the dog, a slower rate was obtained, viz. a fall to 60 % after 1 hr. 

The fall in each instance was continuous and, in further experiments in 
which the hepatectomized animals received a continuous intravenous infusion 
of the dye, there was again no evidence of saturation of the tissues. 

The rate of withdrawal of the dye from the blood of the intact animal is 
considerably higher, in most instances the concentration of the dye in the 
blood, 20 min after its injection, being less than 10 °% of that at 1 min. 

I am indebted to Mesars Hynson, Westcott and Dunning, Inc. Baltimore, Maryland, for a gift 


_ of the Bromsulphalein used in these experiments. 


Bradley, S. E., Ingelfinger, F. J., Bradley, G. P. & Curry, J. J. (1945). J. clin. Invest. 24, 890. 
Cohn, C., Levine, R., & Kolinsky, M. (1948). Amer. J. Physiol. 155, 286. 3 

Cohn, C., Levine, R. & Streicher, D. (1947). Amer. J. Physiol. 150, 299. 

Mason, M. F., Hawley, G. & Smith, A, (1948). Amer, J. Physiol. 152, 42. 


The enterohepatic circulation of Bromsulphalein. By 8. L. Stone. 
Institute of Physiology, Welsh National School of Medicine, Cardiff 


Lorber & Shay (1950), Lorber, Shay & Siplet (1951) and Lorber & Shay (1952) 
have found that intragastric or intraduodenal administration of disodium 
phenoltetrabromphthalein disulphonate [Sulfobromophthalein sodium U:8.P. 
or Bromsulphalein (BSP)] results in significant concentrations of the dye in 
the serum of man and dog. Owen (1951), on the other hand, was unable to 
detect any dyestuff in the blood of twenty-five human subjects after intragastric 
or intraduodenal administration. Bradley (1950) could not find significant 
concentrations in the blood of six patients with porto-caval anastomoses 
after oral administration of the dye. 

Using the anaesthetized dog and cat it has been found that the intraduodenal 
instillation of BSP, in doses of 3-10 mg per kg body weight, in hypotonic or 
isotonic saline or in solution in bile, does not result in demonstrable blood 
levels in the portal vein or carotid artery. Nevertheless, liver bile, collected 
after cholecystectomy and cannulation of the common bile duct, has been 
found to contain BSP in significant concentration beginning about 20-40 min 
after the intraduodenal injection of the dye. It seems obvious, therefore, 
that an enterohepatic circulation of BSP can occur. 

I am indebted to Messrs Hynson, Westcott and Dunning Inc. Baltimore, Maryland, for a gift of 
the Bromsulphalein used in these experiments. 
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The glucose space of the body. By J. M. Peterson 


Lateral pulsatile expansion of arteries. By D. A. McDonatp. 
Department of Physiology, St Bartholomew's Hospital, London, E.C. 1 


The naked eye can see a pulsation of an artery with each heart beat, but it 
has been suggested recently by Reynolds, Light, Ardran & Prichard (1952) 
that these apparent pulsations are lateral movements of the whole artery. 
From studies of direct radio-angiographic pictures (25 frames/sec), he concludes 
that there is no radial deformation of arteries that are distal to the arch of the 
aorta. The present communication demonstrates cinematograph films of ex- 
posed arteries taken at 1500 frames/sec. Dilatation of the thoracic aorta in the 
rabbit is seen to be considerable, while in the distal aorta it is less apparent. 
This dilatation involves a long stretch of artery at once and the wave-front has 
not been detected. The dilatation in the thoracic aorta, measured externally, is 
between 15 and 20 % of the diastolic diameter, which corresponds to a 30-40 %/ 
increase in volume per unit length of artery. The radial dilatation in the distal 
aorta is about 5 % ; this is of the order of accuracy of the measurements made 
because visualization of the margins of the vessel is rarely precise and the grain 
of the film is coarse. Similar difficulties arise in X-ray studies, and it is suggested 
that it is the difficulty in measuring the small absolute amount of the deforma- 
tion which led to the thesis that no dilatation occurs. Other movements of 
arteries, especially a twisting of the thoracic aorta and, more rarely, a longi- 
tudinal movement, may be seen. These are only prominent where the artery 
has been dissected free of the surrounding tissues, and do not appear to 
contribute to the increase of volume of the arterial system which must occur 
with each cardiac systole. 


The expenses of this work were defrayed by the Medical Research Council, 
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Hosp. Bull. 91, 83. 
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Studies on movements of the chest and diaphragm in normal 
subjects. By 0. L. Wapr 


| The effect of a reduction of barometric pressure on the maximum 
| voluntary ventilation in normal subjects: By J. E. Cotrzs 


The effect of respiratory resistance on the maximum voluntary 
ventilation. By C. M. McKrrrow 
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Methods of artificial respiration (Holger Nielsen, Schafer, and 
. Eve methods). By C. Drvz, L. A. Hawes and J. Pryn 


Apparatus and method used to investigate the pain threshold for 
microwave radiation. By H. F. Coox 


A new laboratory and equipment designed for the synthesis and 
assay of radioactive isotope labelled organic compounds. By 
J. K. 


Interaction of limb and abdominal reflexes in the cat. By Mary 
CHENNELLS and W. F. Fioyp 


Effects of infusion of 5-hydroxytryptamine (Serotonin) on the 
blood pressure of the cat. By F. Hopsicer and C. A. KrEe.e 


The relation of chemical structure to pain-producing action of 
certain amines. By Armstrone and C. A. 


Continuous recording of biliary pressures post -operatively in man. 
By A. Nurick 


The estimation of total lung volume and mixing efficiency with 
some results before and after lung resection. By J. H. Frrenp 


The mechanics of breathing studied by simultaneous spirometry, 
electromyography and recording of the intragastric pressure. 
By E. J. M. Campsewy and J. H. Green 

A case of postural hypotension. By R. Semp.e 


Impulse activity in sinoaortic nerves during haemorrhage. By 
J. H. Green and E. Nei 
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A multichannel cathode-ray tube unit for photographic recording. 
By J. H. Grezn. Department of Physiology, Middlesex Hospital Medical 
School, London 

The principles of this instrument are as follows: 14 in. diameter cathode-ray 

tubes with blue photographic screens (G.E.C. E-4103-E-4) are used in con- 

junction with a stack of 25 mm square face right-angle prisms, the tubes and 


Fig. 1. A. Arrangement of cathode-ray tubes in relation to prisms. B. Surface-silvered mirrors 
attached to prisms for recording of calibration lines. C. A typical record showing time 
(50 c/s) sinus electro-neurogram and carotid arterial pressure record. Note calibration lines 
(200 and 100 mm Hg) on arterial pressure record. 


associated prisms being placed alternately (Fig. 1A). A camera employing 
moving photographic paper or film is used. The cathode-ray tube beams are 
deflected in a vertical direction by the incoming signals; no horizontal time- 
base is employed during recording. 

Separate ‘brightness’ controls are provided for each channel enabling 
signals having widely differing trace-speeds to be recorded simultaneously at 
the correct photographic exposure. 


Vertical alinement of the traces is obtained by provision of pre-set X-shift 
controls. 
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The number of channels occupying the width of the recording paper may 


be readily adjusted to requirements by altering the recording camera distance 


and focus. | 
The recording of calibration lines may be achieved by the reflexion of 
adjustable point sources of light using surface silvered mirrors attached to 


the front of the prism (Fig. 1 B). 


One of the cathode-ray tubes is arranged to give signal /time-marker facilities. 


_ The respiratory response to carbon dioxide in emphysema. By 


F. J. and EB. K. Westiake 


_ Recording of rapid fluctuations of CO, in respiratory gases. 


By A. C. Dornnuorst and I. Maurzen Younce. Department of Medicine 
and the Sherrington School of Physiology, St Thomas’s Hospital, London 
The commercial Infra-Red CO, Analyser (Infra Red Development Co.) has 


_ been adapted for recording of rapid fluctuations by tapping the electrical 
output before it is rectified and smoothed for direct reading on the internal 


Fig. 1. (a) Response to sudden change of sampled gases (3% CO,-room air), 
(b) Spirometric and expired air CO,% record from normal subject. 


: indicator. The signal is now rectified, but not smoothed, by an external 
- circuit. When gases are drawn through the machine at rates of 10-30 ml./sec 


the response to abrupt changes in CO, content is complete in about 0-4 sec. 
c2 
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As demonstrated, part of the gases from the mouthpiece of a spirometer is 
drawn continuously through the analyser and returned to the spirometer; 
continuous sampling is thus possible without disturbing the measurement 


the respired volume. i 


Stria vascularis in the cochlea of the living animal. By J. Szymour 
and J. W. Taprrn 


A three-dimensiona! conductivity -tank model of the human heart 
and thorax. By C. V. Nzison 


A case of subacute nephritis treated with ion exchange resins. 
By K. N. V, Parmer 


The use of ‘Angiopac’ for outlining the spleen radiologically. 
By N. D. Compston 


Protein metabolism in obese patients on restricted diets. By 
A. Kexwick and G. L. 8. Pawan 


Water and electrolyte changes after operation. By L. P. Lz Quesne 
and A. A. G. Lewis 


Fibre types in human gastrocnemius and soleus muscles. By 
E. W. Watts 


\ 


The spindle and the mechanism of chromosome separation 
as seen in the living cell. By J. Boss. Strangeways Research 
Laboratory, Cambridge* 

Tissues of the adult crested newt (7'riturus cristatus varr.) were explanted into 

hanging drops of a mixture of chick embryo extract and cockerel’s plasma 

on cover-slips (Strangeways, 1924) and kept at 26°C. For observations of 
living cells the cover-slips were mounted to form parallel-sided chambers 

(Hughes, 1949). Subcultivation was carried out by Maximow’s method of 

rinsing and replenishment (Parker, 1950). Observations were made by phase 

contrast microscopy. The appearance of a living newt cell in division is shown 


in Fig. 1. 
* Present address: Department of Anatomy, Middlesex Hospital, W. 1. 
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Cells in anaphase seen in lateral view (Fig. 1) were photographed repeatedly 
as the daughter chromosome groups moved apart. With the series of photo- 
graphs thus obtained, the separation of chromosomes was measured, measure- 
ments in each case being made as nearly as possible between centromeres of the 
same pair (Fig. 2, D). Fig. 3 shows the result of plotting the separation of a pair 
of centromeres against time. The arrow in Fig. 3 indicates the time at which the 


Cell size 


Minutes Minutes 


Fig. 3. Fig. 4. 


chromosomes ceased to approach the poles of the spindle. The spindle was 
sometimes outlined by the cytoplasmic structures lying outside it, while its 
poles could be located as the points towards which chromosomes converged, 
and to which streaks could, in some living cells, be seen running from the 
chromosomes. Further, both the length and the radius of curvature of a row 
of centromeres stopped decreasing when the chromosomes ceased to approach 
the spindle poles. 
_ Fig. 3 shows that the separation of the chromosomes takes place in two 
movements, the first of which is about four times as fast as the second. The 
chromosomes cease to move along the spindle at the interval between the two 
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movements (arrow in Fig. 3). Graphs of centromere separation have been 
drawn for 13 pairs of chromosomes in ten fibroblasts and one epithelial cell ; 
nine pairs of chromosomes in seven fibroblasts showed a double anaphase 
movement such as that in Fig. 3; the other four pairs were either partly 
obscured by cytoplasmic structures or were not seen in a fully lateral view. 

In Fig. 4 are plotted the changes in cell size, as well as in chromosome 
separation, during anaphase. The equatorial width of the cell began to fall 
at the onset of the second movement of the chromosomes. Between the 
5th and 15th minutes of observation the cell length increased by 7, but the 
separation of the centromeres by 30. There must therefore have been an 
elongation of the interchromosomal part of the spindle. 

Thus, in newt fibroblasts cultivated in vitro, the daughter chromosomes 
separate first by moving along the spindle and then by elongation of the 
spindle itself. The cleavage furrow begins to form at the onset of the second 
movement. These two components of anaphase movement have been recog- 
nized previously (e.g. by Hughes & Swann, 1948), and have once before been 
found dissociated in time (Ris, 1943). In the material considered here there 
is, in addition, a constant time relation between chromosome movements 
and cleavage. 


T am grateful to Dr Honor B. Fell for her instruction, advice and encouragement, which made 
this study possible. This work was done under a Research Studentship of the Medical Research 
Council. 
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Cytochemical localization of esterases using 5-bromoindoxyl 
acetate. By 8. J. Horr and R. F. J. Wrruers. Courtauld Institute 
of Biochemistry and Biology Department, Middlesex Hospital Medical 
School, London, W.1 

A new principle for the histochemical localization of hydrolytic enzymes using 

derivatives of indoxyl (Holt, 1952) may be applied to the localization of 

esterases by using indoxyl acetate as a substrate. Tissue sections incubated 
in buffered solutions of this compound show a crystalline or granular deposit 
of indigo formed by aerial oxidation of enzymically liberated indoxyl (see 
also Barrnett & Seligman, 1951). The large particles of dye render precise 
localization of enzymic activity impossible. Diffusion effects are also serious 
with this substrate. The crystallization effect may be avoided by using 
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5-bromoindoxyl acetate, one of many substituted indoxyl compounds syn- 
thesized (Holt, to be published) in connexion with this work. The dye pro- 
duced (5: 5’-dibromoindigo) deposits in a non-crystalline form in tissue sections 
and accurate localization is thus facilitated. Effects due to diffusion of 
enzymically-formed 5-bromoindoxyl before complete oxidation to the dye 


Fig. 2. Mouse intercostal muscle, x 750 (slightly reduced in reproduction). 


may be partly overcome by using oxidation catalysts (e.g. Cu**), or eliminated 
by using chemical oxidizing agents (e.g. potassium ferricyanide). ~ 

Some of the results obtained by this new method, which gives consistent 
cytological localization of esterase, are summarized below, and refer to rat 
tissues unless otherwise stated: 

(1) Kidney. Esterase activity is restricted mainly to spherical bodies in 
the cells of the tubular epithelium (Fig. 1). 


Fig. 1. Rat kidney cortex, x 1000 (slightly reduced in reproduction). : 
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(2) Liver. Localization of esterase activity appears around the intercellular 
(3) Panoreas. There is peripheral staining of each zymogen granule in the 

acinar cells, staining of certain islet cells and clear non-granular staining of 

the contents of the pancreatic duct. 


Fig. 3. Mouse intercostal muscle, x 420 (slightly reduced in reproduction). 


(4) Skeletal muscle. Stained motor end-plates resemble closely the appear- 
ance obtained by Couteaux (1947) with his Janus Green technique (Figs. 2 and 
3 show esterase activity in mouse intercostal muscle). 

(5) Spinal cord. Staining of neurones and their cytoplasmic inclusions. 

A fuller report of this work is being published elsewhere (Holt & Withers, 


1952). REFERENCES 
Barrnett, R. J. & Seligman, A. M. (1951). Science, 114, 579. 
Couteaux, R. (1947). Rev. Canad, Biol. 6, 563. 
Holt, 8. J. (1952). Nature, Lond., 169, 271. 
Holt, 8. J. & Withers, R. F. J. (1952). Nature, Lond. 170, 1012-1014. 


Succinic dehydrogenase in the visual cells. By C. M. Francis. 


Physiological Laboratory, Cambridge. 

The addition of the ‘succinoxidase system’ of heart muscle has been found 
to increase greatly the yield of rhodopsin in its synthesis by retinal homo- 
genates (Hubbard, 1951; Wald, 1951). It therefore seemed to be of interest 
to see whether this system can be detected histochemically in the visual cells. 

The method of Seligman & Rutenberg (1951) for the histochemical 
demonstration of succinic dehydrogenase has been used. This method has 
been shown to be satisfactory by Shelton & Schneider (1952) as a test for 
this enzyme. The retina (of frog, guinea-pig, rabbit, sheep and chick) was 
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isolated, washed in phosphate buffer of pH 7-6 for 15 min to remove endo- 
genous substrates, and then incubated in a mixture of equal parts of 0-1 % 


Neotetrazolium (pp’-diphenylene-bis-2-[3, 5-diphenyl] tetrazolium chloride), 


_ 0-1m-phosphate buffer of pH 7-6, 0-2™ solution of sodium succinate and distilled 


water. ; At the end of the requisite time, which for this tissue was usually 1-2 hr, 
the retina was removed, fixed overnight in 10 % neutral formalin, embedded 


_ in gelatin, and sections were cut at 10-15 on the freezing microtome. 


Inner segments § 


and ellipsoids Outer nuclear 
Outer synaptic layer 
layer Inner nuclear 
Inner synapti 
Ellipsoids 
of rods a 


Fig. 1. Photomicrographs showing the distribution of reduced tetrazolium indicating succinic 
dehydrogenase activity in the ellipsoids and inner segments of rods and cones. x 400 
(approx.). a, retina of frog; 6, retina of chick. 


Neotetrazolium was found to be more satisfactory than Blue tetrazolium* 
(3, 3’-dianisole-bis-4, 4’-[3, 4-diphenyl] tetrazolium chloride), which was also 
tried. In every case, the reduced formazan, in the form of blue granules, was 
found precipitated in the inner segments of the visual cells, being markedly & | 
aggregated in the ellipsoids of both cones and rods. It was relatively sparse 
on the other retinal structures. The outer segments of both rod and cone — 
processes were free of any precipitate. 

Two sets of controls were made (i) by omitting the substrate, ie. the 
succinate, from the incubating solution and (ii) by using potassium malonate 


* A gift from May and Baker Ltd., Dagenham, Essex. 
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(0-02 m solution) as inhibitor of the enzyme. In neither case was any 
precipitate found. 

The results are of interest in showing the high content of succinic dehydro- 
genase in the visual cells, where visual pigment formation presumably occurs, 
and its presence in cones perhaps suggests a similarity between cone pigments 
and that of the rods. Its absence from the outer segments suggests that these 
must be passive stores for the formed pigment, rather than the site of pigment 
formation, but possible diffusion of the enzyme or products during the 
histochemical process must be considered in this connection. 


REFERENCES 
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Seligman, A. M. & Rutenberg, A. M. (1951). Science, 113, 200. 
Shelton, E. & Schneider, W. C. (1952). Anat. Rec, 112, 61. — 
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Excretion of iron in experimental siderosis. By J. A. Nissim. 
Department of Pharmacology, Guy’s Hospital Medical School 

When saccharated iron oxide is administered intravenously to mice in 

repeated sublethal doses, large quantities of the metal accumulate in the body 

before serious injury results. Animals live as long as 2-3 months after the 

end of a course of 12 weekly injections of 180 mg Fe/kg of this preparation. 

The present results show that under these conditions of saturation with | 
iron, the body gets rid of the metal through the following channels. 

(a) Kidneys. Iron excretion via the kidneys is evident from sections which 
show iron-staining urine in the collecting tubules. It is not possible, however, 
to say whether excretion takes place mainly through the tubules or glomeruli. 
The proximal convoluted tubules stain heavily with iron, but this may 
represent storage iron, the fixation of which depends on the affinity of the 
cells, and does not necessarily indicate a site of maximum elimination. 

(b) Gastro-intestinal tract. No definite evidence has been obtained con- 
cerning iron elimination via the mucosa of the gastro-intestinal tract, and 
though iron is present in the epithelial cells of the villi, this may again 
represent storage, not excretion. Excretion of the metal from the liver takes 
place via the bile ducts, since iron-staining bile is noted in some of the ducts, 
the epithelial cells of which are saturated with iron granules. In extreme 
siderosis, when iron is found in the zymogenous cells of the pancreas, some of 
the metal may be eliminated via this channel. 

(c) Lungs. Appreciable excretion of iron takes place through the bronchial 
epithelium, and this is noted even after total doses of only 360 mg Fe/kg. 
The bronchi contain dark Prussian-blue staining exudate. In addition, iron- 
laden stellate histiocytes are found in large numbers in the lumina of the 
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bronchi. These are different morphologically from the iron-staining alveolar 
macrophages, which are frequently shed into the alveolar sacs. Iron excretion 
by the bronchial epithelium appears to be the result of local saturation of 
the reticulo-endothelial cells of the lungs after large intravenous doses of 
saccharated iron oxide. It is absent in siderosis with diffusible iron prepara- 
tions such as “ferric hydroxide ferrous ascorbate’, when the lungs remain free 
of iron. No iron excretion was noted, however, by Polson (1929) following 
siderosis with intravenous dialysed iron, where the lungs were even more 
heavily saturated with the metal. 

Histological examination of the skin does not indicate appreciable iron 
elimination either via the glandular structures or through the normal shedding 
of hair and cornified epithelium. 

It is emphasized that the problem of the elimination of stored iron, which is 
fixed in the tissues, is different from that of freshly injected iron (Nissim, 1949), 
and depends on the solubilizing powers of the body. 

The methods by which the body can rid itself of excess of iron are, however, 
known to be ineffective, and this was shown clearly during the course of this 
work. At death, the tissues of these animals‘still contained massive amounts 
of iron, and although more than negligible quantities were excreted via 
different channels as revealed by histological study, only about 10% 
of the total iron injected was eliminated even after a period of 5 months. 
This was shown in the case of a mouse weighing 40g, which received a 
total of 86-5 mg Fe, and which contained 79-0 mg Fe after death, some 
5 months from the first iron injection. The iron content was determined 
by ashing. 
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Oxygen saturation of the umbilical artery and vein blood at birth, 
with special reference to cord obstruction. By C. A. B. 
CLEMETSON 


Electromyographic recording from the sphincter ani externus in 
man. By W. F. Fioyp and E. W. Watts 


Movements of the rabbit’s ureter. By K. J. Franxuiy. (Film) 


Electromyography of the erectores spinae’ muscles in flexion of 
the lumbar vertebrae. By W. F. Fioyp and P. H. 8. Siiver. (Film) 
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Intracellular records of repetitive activity at the end -plate of skeletal 
muscle fibres. By W. V. Macrartang. Department of Physiology, State 
University of New York, College of Medicine at New York City, U.S8.A.* 

Repetitive activity has been recorded with intracellular electrodes at the end- 

plates of frog sartorius (22-24° C) and rat diaphragm muscle (35-37° C). In 

the frog the muscle followed nerve stimulation up to 100/sec, but at about that 


Fig. 1. (a) Intencelinlar sesdill of frog sartorius end-plate activity, on nerve stimulation at 
53/sec. Temperature 22°C. (b) Similar record at 100/sec. Partial failure to follow after 
nine impulses; one end-plate potential (e.p.p.), three further action potentials and finally 
e.p.p.’s only. (c) Record at the end-plate with 0 m.equiv/l. Ca** medium. Resting potential 
75 mV, stimulation at 53/sec. After two volleys, e.p.p.’s increase in voltage. (d) Similar to 
(c) but at 150/sec. Initially no e.p.p., then increasing voltages and responses to each second 
volley. (e) 0-5 m.equiv/l. Ca**, stimulation at 53/sec. Resting potential 82 mV. e.p.p.’s 
increase successively, then partial firing of muscle membrane and apparent local responses. 

rate (Fig. 1b) the propagation of impulses began to fail and end-plate potentials 

(e.p-p.'s) remained. At the end-plate the residual potential is prolonged by 

anticholinesterases, but along the muscle fibre it is not affected. 

A second discharge, to a single volley, may occur at the beginning of the 
after potential. 

Reduction of K* and Ca++ in the medium prolonged the after potential to 
twice its normal time course. Reduction of Ca** below 0-5 m.equiv./l. reduced 
the e-P.P- voltage and prolonged repolarization ; but with repetitive volleys the 
€.p.p.’s increased in voltage (Fig. 1c, d). Potentials like local responses were 
found with low Ca**, and they suggest failure of invasion of the muscle fibre. 


* Pe tada 
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_ Liberation of histamine and serotonin from platelets by antigen- 
antibody reactions in vitro. By J. H. Humpurey and R. Jaquzs. 
National Institute for Medical Research, Mill Hill, N.W.7 


Histamine is known to be released in vitro from antibody-containing rabbit 
blood by antigen, and from normal blood by peptone, trypsin or coagulation. 
The histamine is said to be derived from the platelets (see Code, 1952). We 
have now been able to show that the antigen-antibody reaction releases not 
only histamine from platelets but also a substance with serotonin-like activity, 
probably serotonin (5-hydroxytryptamine) itself. 

(1) Using a system containing washed buffy layer from normal rabbit 
blood, partially purified antibody and known single antigens, mixed in 
silicone-treated glassware, the reaction of antigen with antibody did not 
affect the platelets. 

(2) However, when antibody mixed with plasma was added to the system, 
there was increased stickiness of platelets and histamine and a serotonin-like 
substance appeared in the surrounding fluid. These were assayed upon the 
atropinized guinea-pig ileum and the rat’s colon or uterus respectively. 
Their probable identification was based upon specific inhibition by mepyra- 
mine in the first case and by tryptamine and 2-methy]-3-ethyl-5-aminoindole 
in the second. 

(3) The rate and degree of liberation of these two active substances 
depended upon the proportion of plasma in the system, and a minimum 
amount of antibody was required. 

(4) Heating the plasma at 56° C for 30 min greatly reduced its activity; 
citrate or removal of Ca++ by ion-exchange resins abolished it. Activity of 
unheated decalcified plasma was restored by addition of Ca++. 

(5) Serotonin and histamine were liberated in parallel; 10° platelets provide 
about 5yg histamine and 15g ‘serotonin’, estimated as 5-hydroxytrypt- 
amine. 

(6) The cause of the platelet disintegration may be the result of activation 
of some factor in the plasma, since plasmas treated with antigen and antibody 
at optimal proportions, and from which the precipitated complex has been 
removed, liberate histamine, whereas untreated plasmas do not. Such plasmas 
also cause increased capillary permeability, as shown when injected in the 
skin of rabbits which have received intravenous Pontamine Blue dye. 


We should like to express our thanks to Dr R. K. Richards of Abbott Laboratories, Chicago, 


for the supply of 5-hydroxytryptamine creatinine sulphate, and to Dr D. W. Wodley for the 
2-methyl-3-ethyl-5 aminoindole. 
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Mast cells and histamine in normal and pathological tissues. 
By J. F. Rizy and G. B. West, Department of Radiotherapy, Royal 
Infirmary, and Department of Pharmacology and Therapeutics, University 
of St Andrews Medical School, Dundee 

Evidence has been presented earlier (Riley & West, 1952) of a striking positive 
correlation between the mast cell (or heparin) content of some normal tissues 
and the amount of histamine that can be extracted from them. Further 
work on normal tissues shows that mast cells and histamine are concentrated 
in the liver capsule of the ox, sheep and cow, and in the pleura of the ox, pig 
and dog. Enormous numbers of mast cells packed with bulky metachromatic 
granules are easily demonstrable in fresh spreads of ox pleura. The only other 
material present in this almost avascular tissue is collagen; there are no 
eosinophils. Its histamine content (assayed on the blood pressure of the 
atropinized cat) ranges from 200 to 280 ug/g. 

Evidence that the amount of histamine in a given tissue increases in propor- 
tion to its mast cell content is obtained by comparing similar organs from 
very young and fully developed mammals. In every case, the low values for 
histamine and mast cells for the young organs contrast with the higher values 
in adults. The mast cell population and histamine content of adult mouse 
skin can be increased still further by painting the skin repeatedly with 
a carcinogenic hydrocarbon (e.g. methyl cholanthrene). 

Three mast cell tumours have also been assayed for histamine. The first 
specimen from a 5-year-old female Boxer dog consisted of dense islands of 
mast cells set in a stroma of collagen and reticulin; its histamine content was 
295 wg/g. The second specimen from a 9-year-old male Irish setter was 
similar in appearance histologically, but unfortunately was not extracted for 
histamine assay until 12 hr°after removal; its histamine content was then 
103 g/g. The third specimen, part of a human mast cell tumour, consisted 
predominantly of immature mast cells with some polymorphs and eosinophils; 
its histamine content was 950 ug/g. . 

These results support our hypothesis that tissue mast cells are rich in 
histamine. REFERENCE 


Riley, J. F. & West, G. B. (1952). J. Physiol. 117, 72 P. 


Temporary depression of cortical function by local anaesthetic 
and cooling. By the late H. Carns, J. Corz, H. G. Epsrern, M. 
GaRDNER and P. Gees. Departments of Surgery, Anaesthetics and 
Physiology, University of Oxford 

To investigate means of producing a reversible depression of localized cerebral 

functions, such as speech and residual motor power, in conscious man during 

brain operations two series of experiments on animals were carried out. 
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In the first series of experiments on the motor cortex of monkeys local 
anaesthetic (lignocaine) was used. However, the diffusion through c.s.f. and 
_ the transitory effect of this method led us to try cooling in the second series. 
Previous authors, in particular Trendelenburg (1910, 1911), had applied low 
temperatures to the exposed cerebral cortex, while Leyton & Sherrington 
(1917) attempted to cool cerebral tissue through the skull. 

Cooling experiments were carried out in five cats and three trained meilouge 
(a) by using a cold applicator fed by cool CO, vapour applied closely to the 
motor cortex, and (b) by a constant trickle of cooled Ringer solution. The 
extent of cooling was measured by fine thermocouples placed between the 
applicator and the brain surface and also inserted to various depths of the 
cerebral tissue below the region of the cooling. 

By maintaining a surface temperature of approx. 3°C, a decrease in 
temperature to a steady value of approx. 20° can be obtained at a depth of 
0-5 cm, and the electrical excitability of the hand area of the motor cortex is 
temporarily cut out. The efficiency of cerebral circulation prevents cooling of 
deeper structures from being practicable. 

Observations on the trained monkeys revealed a reduction of dexterity 
and motor power for a few days after the cooling, but the pre-operative level 
of performance was regained. 

As the duration of cooling in the initial stages of the investigation was 
intentionally prolonged, histological studies showed some damage to the first 
and second cortical.layers, although this was strictly limited to the area of 
cooling. The axis cylinders seem to be more resistant to cooling than the 
myelin sheaths. Lignocaine injected into the grey or white matter causes 
cavitation and necrosis, and should not be used. 


Leyton, A. 8. F. & Sherrington, C. 8. (1917). Quart. J. exp. Physiol. 11, 135. 
Trendelenburg, W. (1910). Pfliig. Arch. ges. Physiol. 183, 305; 185, 469. 
Trendelenburg, W. (1911). Pfliig. Arch. ges, Physiol. 187, 515. 


The spread of failure of conduction in degenerating mammalian 
nerve. By G. Causry and C. J. Srrarmann. Departments of Anatomy, 


University College, London, and the Royal College of Surgeons of England 


The tibial nerve of rabbits was divided high up in the thigh and allowed to 
degenerate in situ for periods up to 72 hr. At various times after cutting, the 
nerves were exposed, the degenerating portions stimulated in the middle and 
the action potential recorded at both ends. Both in vivo and in vitro records 
were made. 
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As degeneration proceeds the action potential at the proximal end (nearer 
to the injury) diminishes in amplitude as compared with that of the distal 
portion. In in vitro preparations monophasic records have been made. They 
show that at 0 hr the amplitude of the proximal potential is the same as that 
of the distal. After 48 hr degeneration, the proximal potential is 30% of the 
distal. At 96 hr conduction is usually absent in both directions. 

An investigation of the histological changes in the early stages of degenera- 
tion of myelinated nerves (Causey & Palmer, 1952) has shown that the myelin 
retracts from the nodes, leaving an extensive area at the node free from 
myelin. This nodal retraction was shown to involve the nodes, spreading in 
a distal direction from the site of the crush or cut. 

Combining the two sets of observations gives support to the hypothesis 
that failure of conduction in a myelinated nerve is caused by an increase of 
the naked axon area at the node. 


REFERENCE 
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Changes in arterial blood pressure following stimulation of the 


gall bladder. By P. P. Newman. Department of Physiology, School of 
Medicine, Leeds 


In cats under sodium pentobarbital anesthesia, or in decerebrate and spinal 
preparations, when the gall bladder was distended by inflating a balloon, 
action potentials could be recorded from the right splanchnic nerve. Entry of 
these impulses into the cord was found to be associated with a rise of arterial 
blood pressure. No significant change in blood pressure was usually observed 
until the pressure in the balloon reached 100 mm Hg. As distension of the 
gall bladder was further increased, there was a progressive rise in the blood- 
pressure response. The maximum rise of blood pressure recorded was 
50 mm Hg in any of the experiments. (A rise of blood pressure of 80 mm Hg 
was recorded in the acute spinal cat by Downman & McSwiney (1946) 
following stimulation of the jejunum.) 

The results of the experiments may be summarized: 

(1) The effects produced were not dependent upon the vagus nerves. 

(2) No responses were obtained after section of the right splanchnic nerve. 

(3) Section of the left splanchnic nerve reduced the vascular response by 
about a half. 

(4) The suprarenal glands contributed considerably to the response, though 
small blood pressure changes were still evident after their removal. 

(5) The responses were modified by evisceration, the results depending 
upon the extent of the operation. Excision of the alimentary tract, from the 
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duodenum to the rectum, had only a small effect on the blood-pressure 
response. A further reduction occurred after total evisceration of the gut, 
including the mesentery, omentum and spleen. Following the removal of the 
suprarenal glands, no significant rise in arterial blood pressure could be 
detected. 

It is concluded that afferent fibres from the gall bladder proceed in the 
right splanchnic nerve to the cord, and are concerned with reflex arcs in the 
spinal cord and brain stem. When the right splanchnic nerve is cut no rise 
in blood pressure can be recorded. Fibres running in both splanchnic nerves 
constitute the efferent limb of the arc. As section of the left splanchnic 
nerve practically halves the vasoconstrictor effect, it is probable that con- 
nexion is made within the cord with the opposite lateral thoracic column. 
Although the splanchnic circulation contributes to the general effect, from 
the experiments in which the suprarenal glands were removed, it seems that 
the latter are largely responsible for the rise in blood pressure which occurs 
when the gall bladder is stimulated. 


REFERENCE 
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Histamine release by antihistamines. By 0. ARuUNLAKSHANA 
Department of Pharmacology, University College, London 

Pellerat & Murat (1946) reported that the concentration of histamine in 
blood was increased after the administration of various antihistamines. The 
present experiments were undertaken in order to find out whether anti- 
histamines release histamine in vitro. 

In order to detect the released histamine in the presence of a high con- 
centration of antagonist, it was necessary first of all to destroy the antagonist 
present in the solution. For this purpose, various modifications of Code’s 
method of extraction of histamine were tried with the object of destroying 
the antagonist under conditions in which histamine itself was stable. It was 
found eventually that diphenhydramine could be destroyed by autoclaving 
the solution at 2 atm for 2 hr, and antazoline by boiling it at atmospheric 
pressure for 4 hr. Various tissues of the guinea-pig and human lung tissue 
were then exposed to the action of these two antihistamines in vitro, and the 
quantity of histamine diffusing out of the tissue was measured after destruc- 
tion of the antihistamine. In all cases the antihistamines released con- 
siderable quantities of histamine. The result of a typical experiment on 
human lung tissue is shown in Table 1. 

‘It will be seen that diphenhydramine has the same order of activity as 
compound 48/80; hitherto the most active histamine releaser ee The 
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Taszz 1, Percentage of total histamine released by diphenhydramine and 
48/80 from human lung (diffusion method) in 10 min 


Percen of 
total 
Diphenhydramine hydrochloride 36-0 
8-4 
0-1 
48/80 18-0 


histamine-releasing activity of diphenhydramine is still marked at a con- 
centration of 10-+, but it is negligible at a concentration of 10-*. This action 
of antihistamines may be of clinical importance when these compounds are 
administered at a high concentration, as, for instance, when they are given by 


aerosol. 
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Quantitative measurement of histamine release by a series of 
primary amines. By J. L. Moncar. Department of Pharmacology, 
University College, London 

A wide variety of compounds have been reported to release histamine from 

tissues, but they have been tested on different tissues and by different methods 

and it is difficult to compare the results. In some investigations, an effect of 
the released histamine, such as skin whealing or delayed blood-pressure 
response, has been used to indicate histamine release; in others the released 
histamine has been directly measured. The method described below has been 
developed for quantitative measurement of histamine-releasing activity using 
small tissue particles suspended in a solution of the releaser. Diffusion effects 
are thereby minimized and the concentration of releaser at the site of action 
is known. The use of the method is illustrated by the quantitative measure- 
ment of the histamine-releasing activity of a homologous series of amines, 

C,,Hon4;NH,.HCl up to C,,, using guinea-pig lung tissue. Histamine assays 

were done on the isolated guinea-pig ileum. 

The minced particles of 2 mg average weight can be divided into a number 
of equal samples. They have a histamine content similar to that of whole 
lung and show a very low and constant rate of spontaneous histamine loss. 
When a histamine releaser is added to the material it releases all its histamine 
into the surrounding fluid, the rate of release depending on the concentration 
of releaser. The concentration-release curves for a given time of contact are 
generally steep and parallel and therefore suitable for quantitative com- 
parisons of activity. The concentration of releaser needed to liberate half the 
histamine in 60 min has been chosen as a convenient index of activity. The 
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activity of the series of amines varied markedly with chain length. The Cy, 
compound was highly active, nearly 7 times more active than compound 48/80, 
but reducing the chain length to 6 or increasing it to 14 carbon atoms greatly 
reduced or abolished the activity. 

It was of interest to see whether skin gave the same results as lung tissue. 
When the histamine release was directly measured as described above similar 
activities were obtained for the amines and 48/80, with human and guinea-pig 
skin. When, however, the triple response was used as a measure of histamine- 
releasing activity, a very different result was obtained. The amines gave 
results similar to those obtained on isolated tissues but 48/80 appeared to be 
about 1000 times more active. This raises the question whether the wheal test 
gives a true measure of histamine-releasing activity. 


The effect of insulin and magnesium chloride on the tem- 
perature of the rat. By J. F. D. Frazer. Department of Physiology, 
St Mary’s Hospital Medical School, London 


Dworkin & Finney (1927) showed that, in the suakieals insulin hypo- 
glycaemia caused loss of temperature control. Artificial hibernation could 
be produced by placing the animals in a moderately cool environment. 
Suomalainen (1938a) showed that in the hibernating hedgehog the blood 
magnesium was raised, and later (19385) that injection in the autumn with 
both insulin and magnesium would cause artificial hibernation. In 1939 he 
showed that a combination of insulin, magnesium and cold was required for 
this, recovery occurring on warming the animals. 

This work has been followed up in the rat, an animal which does not 
normally hibernate. The animals were injected with magnesium chloride and 
insulin, either separately or together, while controls were either uninjected or 
given an anaesthetic dose of pentobarbitone: this latter treatment was given 
as a precaution against any temperature drop being due‘to the anaesthetic | 
effect of the magnesium chloride. 

The rectal temperature of the normal rat was 34-35° C. It was found that 
when exposed between 5 and 8° C, insulin alone caused a drop to 29°C, 
magnesium alone to 24-25:5°C, and magnesium and insulin together to 
22-24° ©. When kept at 23-5° C, those given pentobarbitone remained at 35° C, 
but magnesium plus insulin caused a drop to 25-5° C in rectal temperature. 

The rats with lowered temperatures did not have the appearance of hiberna- 
tion, they did not curl up, and they appeared drowsy rather than unconscious. 
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The possibility that ATP is a transmitter at sensory nerve endings. 
By F. A. Hoxton and Pameta Horron.* The Molteno Institute and the 
Physiological Laboratory, University of Cambridge 

The vasodilator substante in spinal root extracts resembles the transmitter 

responsible for antidromic vasodilatation and differs from many other vaso- 

dilators in two biological properties: (1) in certain preparations of the rabbit's 
ear the vasodilator response to antidromic nerve stimulation and to arterial 
injection of the extract is prolonged (Holton & Holton, 1952) and (2) the 

vasodilator response to both these stimuli is reduced after injection of a 

cholinesterase inhibitor (Holton, 1953). 

Further study of the dilator substance in the spinal root extracts showed 
that it resembles ATP in its chemical and biochemical properties (Holton & 
Holton, unpublished observations). This led us to examine the response of 
the rabbit’s ear vessels to injected ATP. We found that the response was like 
antidromic vasodilatation. ATP caused a prolonged dilator response in 
suitable preparations and was antagonized by inhibitors of cholinesterase. 
Both these properties are shared by ADP but not by AMP, adenosine, 
histamine, acetylcholine or substance P. 

ATP and other substances containing a purine or pyrimidine nucleus have 
an intense ultra-violet absorption band in the region 255-265 my. The ultra- 
violet absorption spectrum can therefore be used to detect very small 
quantities of these substances but it will not discriminate between them. 
When the isolated rabbit’s ear was perfused with Ringer-Locke, the outflow 
had an absorption spectrum which increased in the region 255-265 my on 
stimulation of the great auricular nerve. This result suggests that stimulation 
of sensory neurones liberates ATP or some other substance with a similar 
ultra-violet absorption spectrum. 

Since it is unlikely that sensory neurones liberate different transmitters at 
each end (Dale, 1935), the possibility must be considered that ATP or some 
similar substance is the chemical transmitter responsible not only for anti- 
dromic vasodilatation but also for central synaptic transmission from afferent 
neurones. This hypothesis is necessarily tentative at this stage but it is 
strengthened by the fact that ATP is known to stimulate the peripheral and 
central nervous system (Buththal, Engback, Sten-Knudsen & Thomasen, 
1947; Feldberg & Hebb, 1948; Emmelin & Feldberg, 1948). 


This work was done during the tenure of a personal grant from the Agricultural Research 
Council to F.A.H. The expenses were met by a grant from the Medical Research Council. __ 


* Beit Memorial Research Fellow. 
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Recommendations of XVIII International Red Cross Conference 
on methods of artificial respiration. By H. A. Hewar 


Measurements of oxygen consumption in smooth muscle. By 
E. BULBRING 


The changes in the responses of the nictitating membrane to 
adrenaline, noradrenaline and tyramine during the first two 
days after preganglionic and postganglionic denervation. By 
I. R. Innes and H. W. Kosrsriirz 


The oxytocic and pressor factors of the pituitary gland of dogs, 
cats, rats and human foetuses. By 8. E. Dicker and CurisTINE 
TyiEr. Department of Pharmacology, University College, London 


The oxytocic and vasopressor fractions of the pituitary gland have been 
estimated (a) in adult dogs of both sexes, in bitches killed after whelping and 
during lactation, in dogs’ foetuses and in puppies, (5) in adult cats of both 
sexes, in female cats during lactation and in kittens, (c) in adult rats of both 
sexes and in female rats killed after delivery and during lactation, (d) in 
human foetuses. The oxytocic factor was assayed on the rat’s isolated uterus 
preparation (Holton, 1948) and the vasopressor principle by the rat’s blood- 
pressure method (Landgrebe, Macaulay & Waring, 1946). The mean values 
for the ratios of vasopressor activity to oxytocic activity are given in the 
following table: 


Cat Rat Human 

Adult normal 1-03 1-15 1-08 — 
Female after delivery 2-25 _ 1-80 = 
Female lactating 5-50 3-17 2-01 os 

Foetuses 38-2 (53 — 23-1 (114) 

44-0 tse) 3-4 (152) 

: 5-6 (195) 
animals 16-8 (0 7°45 (0) an 
6-5 (10) 7-40 (12) 7-00 (5) 


3-8 (28) 3-26 (21) 1-36 (21) 
parentheses are ages in days of and infant animals) 
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In the glands of adult females (dogs, cats, rats) killed after delivery or 
during lactation there was a significant decrease of the oxytocic factor; the 
vasopressor remained unaffected, hence the increase of the vasopressor/oxy- 
tocic ratio values. In foetuses and young animals the amount of vasopressor 
factor of the pituitary gland was always in excess of that of the oxytocic 
principle; both were, however, significantly lower than in adults. 
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Effects of hypokalaemia on the electrocardiogram in man. By 
W. SoMERVILLE 


Spectrophotometry of red cell suspensions. By R. Barer. Department 
of Human Anatomy, University of Oxford 


Spectrophotometry of suspensions of living cells provides a means of studying 
the state and functions of intracellular pigments and enzymes. Unfortunately, 
the method has been limited until now by the turbidity of the suspension 
which makes it impossible to obtain accurate spectra, and necessitates the 
use of very dilute suspensions. Turbidity is the result of light scattering, which 
is largely due to differences of refractive index between the cells and the 
suspension medium. In a recent communication (Barer & Ross, 1952) 
a method for determining the refractive index of living cells was described. 
If such cells are suspended in a medium of the same refractive index, light 
scattering is very greatly reduced. In this way it is possible to prepare 
‘clarified’ suspensions of various cells, including red blood corpuscles. Previous 
work on the absorption spectrum of (turbid) red cell suspensions has led to 
puzzling results. Thus, the very intense Soret band of haemoglobin (A 415 my 
for HbO, and 420 my for HbCO) is said to be absent in such suspensions. 
(Adams, Bradley, Macallum, 1934; Keilin & Hartree, 1941; Rubinstein & 
Ravikovitch, 1946; Jope, 1951): Although it was at first suggested that this 
meant that haemoglobin existed in a different state inside the red cell from 
that in solutions, it is more probable that the absorption is masked by 
scattered light which has not traversed the corpuscles. Clarified red cell 
suspensions show a strong Soret band as well as the normal visible bands at 
all concentrations studied. The absorption bands occur at the same wave- 
lengths as in Hb solutions. In addition, however, there is evidence of the 
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presence of a weak band at about A 375 my. Attention was first drawn to 
this band by Jope (1951) who was unable to detect it in lysed cells. 

The significance of the band remains obscure. The fact that it disappears on 
haemolysis suggests that it may be due to anomalous dispersion or reflexion, 
caused by a pigment such as a carotenoid, which is strongly concentrated at 
the surface of the intact cell, but becomes dispersed on haemolysis. 
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The ganglionic action of natural muscarine. By N. Amsacuz, 
W. L. M. Perry and P. A. Rosertson 


The effects of sodium fluoride on gastric secretion in cats. By 
Janz Y. Bowre, G. Dartow and Marcaret M. Murray | 
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